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Foreword

This is one of a series of documents prepared by committees

of the Space Science Board (SSB) that develop strategies for space

science for the coming decade. Others have been published in

space astronomy and astrophysics, earth sciences, solar and space

physics, and planetary sciences. Preparation of a strategy for

planetary biology and chemical evolution is currently underway.

These strategy reports set scientific goals and priorities intended
to maximize the scientific return on the nation's investment in

space science.

This report develops a scientific strategy for space biology

and medicine for the 1980s and 1990s. It focuses on the programs,

experiments, and instruments that will be required to answer the

many fundamental scientific questions that have been identified in

this still emerging field of space science.

Space medicine is unique in the context of the other space

sciences--primarily because, in addition to questions of funda-

mental scientific interest, there is a need to address those issues

that are more of a clinical or human health and safety nature.

The authoring committee and the Space Science Board reached

an important consensus in approving this report. That is, if this

country is committed to a future of humans in space, particularly

for long periods of time, it is essential that the vast number of un-

certainties about the effects of microgravity on humans and other

living organisms be recognized and vigorously addressed. Not to

do so would be imprudent at best--quite possibly, irresponsible.

This report also addresses what is known as space biology, a

scientific discipline that embraces developmental biology and plant

gravitropism. These two subdisciplines treat a number of topics
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that areoffundamentalscientificinterest,particularlyaswemove
towardafuture in spacethat couldincludelong-termspacetravel
and/or interplanetarymissions.

Like other SSBsciencestrategies,this documenttakesthe
position that the strategywill be stated in terms of scientific
objectivesto be achievedduring the periodof time coveredby
thereport rather than in a seriesof recommendedmissions.It is
the intent of the seriesof sciencestrategydocumentsto provide
ascientificbaselinefor guidingandevaluatingthesciencecontent
of specificmissionsandlong-rangemissionplanning.

The SSBadoptedthis report as its policy positionfor space
biologyand medicinein May 1986.It takesthis opportunity to
expressits appreciationto the membersof the committeeand
its panelsfor their diligent and untiring efforts. It particularly
appreciatesthe contributionof the Chairmanof the Committee
on SpaceBiologyand Medicine,Jay M. Goldberg,whoseterm
endswith this majoreffort.

ThomasM. Donahue,Chairman
SpaceScienceBoard
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Preface

The purpose of this strategy for space biology and medical sci-
ence for the 1980s and 1990s is twofold: (1) to identify and describe
those areas of fundamental scientific investigation in space biology
and medicine that are both exciting and important to pursue and

(2) to develop the foundation of knowledge and understanding that
will make long-term manned space habitation and/or exploration
feasible.

This scientific strategy is meant to provide NASA with a
guideline for developing its long-term mission plans and a ratio-

nal, coherent research program. It is also a statement of Space
Science Board policy against which the scientific community and
the nation can assess the adequacy and success of NASA's efforts
in this area of research over the next 10 to 15 years. This ef-
fort drew upon the collective thinking of over 60 scientists from

a broad range of disciplines of space biology and medicine. It
was developed over the course of two and a half years in a series

of meetings, both of the full Space Science Board's Committee
on Space Biology and Medicine and of eight specially convened
panels.

The strategy addresses 10 topical areas for research: develop-

mental biology, gravitropism in plants, sensorimotor integration,
bone and mineral metabolism, cardiovascular/pulmonary func-
tion, muscle remodeling, nutrition, human reproduction, space
anemia, and human behavior. This report is unique in several

aspects. For the first time, the Space Science Board, through
its Committee on Space Biology and Medicine, has outlined a

broad-based scientific strategy for the study of space biology and
medicine, with specific scientific goals and objectives and detailed
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measurementrequirementsfor eachof the 10topicareas.Thein-
clusionof humanbehavioralongwith physiologicalresponsesand
spacebiologyis anotherfirst for areport of thiskind.

Perhapsthemostunusualaspectofthe reportis its emphasis
on basicaswell asclinical science.While the life sciencespro-
gram canbe justified by the needto guaranteethe health and
safetyof the astronauts,wedid not wish to restrictourselvesto
clinicalproblems.Thereweretwo reasonsfor our decision.First,
the otherspacescienceshavehadto justify their programson the
basisof their potential contributionsto fundamentalknowledge.
In our opinion,the life scienceswereundera similar obligation.
Havingconsideredthematter,weconcludethat thereisimportant
basicresearchto bedonein spacebiologyandmedicine.Further-
more,evenat the start of our study,wefelt that progress in this

field had been impeded by a narrow focus on matters of clinical

concern, important as they are. Not only has basic science been
shortchanged; clinical science has also suffered since knowledge

of basic mechanisms is usually essential to the understanding of
symptoms and the development of countermeasures.

In adopting this perspective, we decided not to review several

areas of practical concern. Two of these are the delivery of health
care services in space and the development of a controlled ecolog-
ical life support system (CELSS). They are important topics and
must be included in the life sciences program. We did not consider

them in this report because progress in these areas largely depends
on technological advances.

It is the position of this committee that scientific return will be
maximized if investigations into each of the topical areas addressed
in this report are conducted in a systematic fashion, based upon
each of the chapters' scientific goals and objectives. Two other
essential requirements of this research strategy are a strong, well-

planned ground-based program of research and strict experimental
control of all spaceflight research.

The predecessor to this report, Li/e Beyond the Earth's En-

vironment (NAS, 1979), was begun in 1977. While that report
addressed many of the same areas as this strategy, there have been
some significant events since its publication that in the judgment
of the Space Science Board and its Committee on Space Biology

and Medicine necessitated the development of this document.
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Principal among these events was the advent of the Space

Transportation System (STS), which began with the Shuttle Or-

biter Columbia's first flight on April 12, 1981. That mission
marked the first time the U.S. had flown a manned mission since

July 1975, when an U.S. Apollo spacecraft and the U.S.S.R. Salyut

docked together in earth orbit. The recent Challenger disaster was

a major setback for the U.S. manned space program. There seems

little question, however, that the nation is committed to a resump-

tion of the program once the engineering and managerial faults of
the STS are identified and corrected.

Another significant development since the 1977 report is the

January 1984 announcement of President Reagan directing NASA

to proceed with the development of a manned Space Station, to be

in place before the end of the next decade. The eventual resumption

of a Space Transportation System and plans for a manned Space

Station in the future mandates careful and deliberate planning if we

are to both maximize future scientific return and ensure the health

and well-being of those human beings who go into space for months

to years at a time.
With the possible exception of materials science, life sciences

in general, and space biology and medicine in particular, is, more

than any other space science, in the very earliest stage of discipline

development. There are any number of practical reasons for this--

limited flight opportunities, finite numbers of research "subjects,"

and competition with other disciplines for experimental time on

Shuttle missions, to name a few. Another major contributor has

been the lack of a coherent, well-defined research program. Ironi-

cally, there appears to be a general perception that the absence of

life-threatening medical problems in the manned space program

implies that there is little need to be concerned about health-
related issues on a manned Space Station or in interplanetary

missions of several years duration. Based on what we know today,

this assumption of continued success cannot be rigorously defended.
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Executive Summary

INTRODUCTION

The Committee on Space Biology and Medicine, in reviewing

the various disciplines in its purview, came to several general

conclusions. These are best stated at the outset since they were

influential in framing the individual discipline strategies, as well

as the general strategy for conducting research in the broad field.

• There is important research to be done in space biology

and medicine over the next 10 to 20 years.
• Some of the research is clinical in nature and is concerned

with the health and welfare of the astronauts. Much of the re-

search is of basic interest and deals with fundamental questions

concerning the role of gravity in life processes. In a properly

framed strategy, basic and clinical research can complement one
another.

• There is a need for the integration of ground-based and

spaceflight research. Much of the research in the field is best done

on the ground, where the full repertoire of modern

research techniques can be applied. One goal of spaceflight re-

search is to determine the adequacy of various ground-based mod-

els of the microgravity environment.

• Much of spaceflight research will require manned missions,

first, because for many problems man is the species of choice and,

second, because most research will require direct intervention by

skilled, on-board scientists.

• Space biology and medicine is in its infancy. Relatively

few biological experiments have been flown, most of them have

not been part of a larger research strategy, and few of them have

been adequately controlled or replicated. In contrast, the relevant



ground-based research has been of high quality. The main purpose
of this strategy is to redress the imbalance in the quality of the

two kinds of research and, so, to determine if any of life's processes
can best be studied in space.

Most of the strategy was framed before the Challenger dis-
aster in January 1986. Until then, the continued success of the
Space Transportation System or Shuttle program and the plans to
develop a Space Station led the committee to conclude that the

nation had a continuing commitment to manned space travel. The
committee took no position as to the merits of this policy, since it

did not view that as part of its prescribed task. Nevertheless, the
committee is of the firm opinion that abandoning or severely re-
ducing the manned program will greatly impede progress in space

biology and medicine. National support for a manned space pro-
gram seems to remain intact. Obviously, the disaster has been
a severe setback for the manned program, and years of detailed

planning will be required to get the program back on track. This
will mean a delay in much of the spaceflight research that the

committee has proposed. In the interim, the ground-based com-
ponents of the research strategy can be expanded so that we can
be even better prepared to take advantage of flight opportunities

once they resume.
Except for this transitory change of emphasis toward ground-

based research, the committee sees no reason to change the general
features of the strategy or its specific recommendations. The com-
mittee assumes that the manned space program will be resumed

and will be energetically pursued. It seems reasonable to predict,
as a part of such a program, that sometime in the twenty-first
century there will be a call for a manned interplanetary mission,
a manned lunar base, or both. Such missions will require that
humans spend as much as 3 to 4 years in space. This is consider-

ably longer than any previous mission in either the U.S. or Soviet
space programs. While the committee cannot say with assurance

that such long-duration manned missions are not possible_ there is
simply too little knowledge concerning the physiological and psy-

chological effects of long-term space occupancy to guarantee the
health and safety of the flight crew.



Thesuccessof anylong-termmissiondemandsthesupportof
a vigorous, well-balanced program of research with both ground-

based and space-based components. This research strategy is in-
tended to provide the foundation for such a program. It addresses
both the clinical research necessary to ensure the well-being of hu-

mans in space and the basic research that seeks to answer questions
of general biological interest.

MAJOR SCIENTIFIC GOALS

A major concern of the life sciences is to guarantee the health

and safety of the astronauts for missions lasting from a few days
to over three years. Astronauts in space have experienced many
symptoms, and these can be expected to become exacerbated
as mission duration and mission complexity are increased. To

understand these effects, we need a better description of man's
adaptation to space and his readaptation upon return to earth. A

program of clinical research is needed to improve selection, train-
ing, and countermeasures. The possible success of such a program

will be enhanced if the mechanisms underlying the symptoms are
understood. This will require a program of basic research, which
can also be justified because it can answer questions of intrinsic
interest. Much of the research, both basic and clinical, is best
done on the ground, where the full repertoire of modern research
techniques can be applied. Ground-based research is needed to elu-

cidate the mechanisms underlying the various responses to gravity
and to its absence. In addition, there are earth-based models for
many of the biological effects observed in space. A comparison of

spaceflight observations with ground-based research is needed to
decide if any of life's processes can best be studied in space and,
hence, if space represents an important frontier for biology and
medicine.

From these considerations, the committee has defined four

goals. The first two goals must have the highest priority, if only
because they involve the well-being of the astronauts. The other

two goals are entirely compatible with the first two goals and, in
fact, may enhance their chances of success. For these reasons, a
balanced research program is best ensured by requiring that all

four goals be met. The four goals are:



1. To describe and understand human adaptation to the space
environment and the readaptation upon return to earth.

2. To use the knowledge so obtained to devise procedures that

will improve the health, safety, comfort, and performance of the
astronauts.

3. To understand the role that gravity plays in the biological
processes of both plants and animals.

4. To determine if any biological phenomenon that arises in
an individual organism or small group of organisms is better studied
in space than on earth.

DISCIPLINE-SPECIFIC SCIENTIFIC GOALS AND
OBJECTIVES FOR SPACE BIOLOGY AND

MEDICINE

Scientific goals, objectives, and required measurements and
facilities for each of the major areas of space biology and medicine

have been identified and described. Following is a summary of the
primary goals and objectives for each of these disciplines.

Space Biology

Developmental Biology

The field of developmental biology encompasses all aspects of
the lifespan of an organism, from fertilization through aging. It

involves topics of research in gamete production, fertilization, em-
bryogenesis, implantation (in mammals), the formation of organs,
and the broad area of changes after birth defined as postnatal de-
velopment. Developmental biologists ask questions concerned with

certain phenomena that occur at certain phases of development.
For example, it is known that at some point after fertilization cells

become committed to developing along a certain pathway. This
restriction is called determination. If, for instance, the first two

cells of a sea urchin embryo are separated, each may give rise to
a complete, but one-half-sized larva. But, if one of the cells from
a sixteen-cell embryo is separated and raised in isolation, it does
not give rise to a normal but one-sixteenth-sized larva; it develops
into a specific subset of larval tissues.

With respect to developmental biology in space, there are two
basic questions. (1) Can organisms undergo normal development



under conditions of microgravity, or are there gravity-sensitive
phases or processes that become so abnormal in microgravity that
repetitive life cycles cannot occur? (2) Does the unique micrograv-
ity environment of space provide a tool to study developmental
phenomena better, or exclusive of, similar studies carried out in
ground-based experiments?

The committee has identified scientific goals and objectives

for specific animal and plant systems that are those which are

most important to understanding the influence of gravity on the
processes of development. The primary scientific goals for the study
of development in space are twofold: (1) to evaluate the capacity
of diverse organisms, both plant and animal, to undergo normal

development from fertilization through the subsequent formation
of gametes under conditions of the space environment and (2)

to evaluate the use of the space environment to study specific
developmental phenomena in ways that cannot be accomplished,
or can only be accomplished in part, in ground-based research.

Because of limited availability of research space and the overall
cost, the committee recommends that the highest priority for exper-
iments actually conducted in space should be devoted to studies on

"model organisms _ designed to answer the question: Can develop-
ment from fertilization through the formation of viable gametes in
the next generation occur in the space environmentf

Gravitropism in Plants

Roots grow downward and stems grow upward. There are
exceptions to this obvious generalization. Some stems, such as

underground rhizomes, grow horizontally, while others, such as the
branches of a tree, grow upward at an approximately fixed angle
to the vertical. To make matters more complicated, some genetic

mutants are completely agravitropic, while an obliquely growing
tree branch will grow straight upward if its apical bud is injured
or surgically removed. One can conclude that gravitropism, the

curvature of a cylindrical plant organ in response to a gravitational
force, is determined by genetics and development and is controlled

by physiology.
The primary scientific goal of research in plant gravitropism

is to understand the cellular and organismal processes involved in
the plant's detection and response to the earth's gravitational field.

This understanding can best be attained by answering questions



about how the plant senses gravity, how this sensation is trans-
duced into a signal that can influence cellular growth, and how

the signal can cause the differential growth of the upper and lower
halves of a plant organ that leads to curvature toward or away from
the earth's center. The secondary goal involves understanding why

roots grow down and stems grow up and how gravity interacts with
light, other external stimuli, and endogenous rhythms in determin-
ing the orientation of plant organs.

Space Medicine

Sensorimotor Integration

The sense of gravity, provided by the vestibular end organs
and by tactile and proprioceptive inputs, is a major factor in de-

termining spatial orientation and motor performance on earth.
In spaceflight, however, relative weightlessness is encountered for
prolonged periods of time. This demands a reorganization in the
processing of sensory information so that motor performance can
be adapted to the new environment. Weightlessness offers a chal-

lenge to sensorimotor coordination that is never encountered and
cannot be adequately simulated on earth.

The committee has developed and described goals and ob-

jectives for five different areas relevant to sensorimotor adapta-

tion: (1) spatial orientation, (2) postural mechanisms, (3) the
vestibulo-ocular reflex, (4) processing in the vestibular system,

and (5) motion sickness. The primary scientific goals for the study
of sensorimotor integration in space are:

1. To describe how spatial orientation, postural mechanisms,
and oculomotor performance change and adapt to weightlessness.

2. To determine short- and long-term effects of the absence of

gravity on neural processing in the vestibular system and on parts of
the central nervous system subserving orientation and movement
control.

3. To study the role of gravity in the neonatal development of
sensorimotor functions.

4. To establish the causes of space motion sickness and to
develop recommendations for its treatment and prevention.



Bone and Mineral Metabolism

Spaceflight has been consistently associated with a demineral-
ization of bone (osteopenia) and with a change in the homeostatic

system that regulates plasma levels of calcium. Loss of bone min-

eral (calcium and phosphorus) has been consistently reported as
a physiologic response to spaceflight. Although the decalcification
of bone has not as yet resulted in impaired functional capacity in
astronauts, the extended requirements of the Space Station and

missions to follow suggest that osteopenia and clinically evident
fractures are likely to become significant problems. For this rea-
son it is essential to understand the pathophysiology of the osteo-

penia caused by space travel, to devise appropriate countermea-
sures, and to understand the relation between bone demineraliza-
tion and the changes in calcium homeostasis.

The primary scientific goals for the study of bone and mineral
metabolism are:

1. To understand the basic mechanisms that influence bone
de rain e raliza tion.

2. To understand the basic mechanisms of calcium homeosta-
sis.

3. To determine the relationship between the above two pro-

¢e88c8.

4. To determine the extent to which the bone demineralization

that occurs in space is similar to that occurring in various ground-
based models.

5. To continue the development of countermeasures for bone
detain eralization.

Cardiovascular and Pulmonary Function

The cardiovascular system governs the flow of metabolites,

heat, and hormonal substances to and from all cells in the body and
is also involved in the exchange of materials and energy between

the body and the external environment. The external exchanges
occur in the kidney, lungs, and skin. The system consists of
pumps--the right and left hearts--and of tubes--the vascular
system. There are local and more global controls that regulate
blood pressure, blood volume, cardiac output, and local blood

flows. These regulatory systems are triggered by a number of

perturbations. One such perturbation occurs when the effect of



gravity on the cardiovascular system is altered such as when a

person moves from an erect to a recumbent position or is subjected

to the conditions of microgravity during spaceflight. Changes in

pulmonary function remain to be documented.

The primary scientific goals for the study of cardiovascular

and pulmonary systems in space are:

1. To understand the cardiovascular and pulmonary adaptation

to microgravity in three different time frames--acute CO to P weeks},

medium-term (2 weeks to 3 months}, and long-term C3 months to
several years}.

2. To determine the relation between the cardiovascular and

pulmonary adaptations of spaceflight and those occurring in earth-

based models such as bed rest and, so, to ascertain if the space

environment offers any unique advantages for the study of hu-

man cardiovascular and pulmonary adaptations to variations in

gravitational simulation.

3. To develop adequate measures that hasten human adaptation

to microgravity and to reentry to earth.

Muscle Remodeling

Muscle accounts for a substantial fraction of the nutritional

needs of the entire body. It contributes an increasing proportion

of the body's weight during growth and development, reaching a

peak of 45 percent in young adults and then declining with age.

Approximately 1 percent of the muscle protein in adults turns

over each day, accounting for 20 to 30 percent of the body's en-

tire synthesis and breakdown of protein. The nutrient protein

requirements of muscle are high, as are its energy requirements.

Even light muscular exercise, such as occurs during daily activi-

ties, can increase the metabolic rate 30 to 40 percent and heavy

exercise can transiently increase caloric requirements severalfold.

The metabolic status of muscle is also regulated by dietary intake,
exercise, and hormones.

In space, the legs no longer experience the loads required on

earth to maintain an erect posture or for locomotion, while the

arms take on additional functions for locomotion and body sta-

bilization. Given the altered force-motion environment of space-

flight, it would be expected that the activity of muscles of the

lower extremities, particularly the antigravity or extensor mus-

cles, would be decreased and that this, in turn, would lead to



disuseatrophy.Dataonmusclefunctionareavailablefrom Skylab
missions,and to a lesserextent,from Salyutmissions.There is
considerableevidencethat humansexperiencesuchatrophyin leg
muscles,but not in armmuscles.

The primary scientific goal for the study of muscle remodeling

is to understand the basic mechanisms of activity-related muscle

remodeling as they occur in space and on earth.

There are three major scientific objectives:

1. To determine the physiological end of biochemical that con-

trol muscle function on earth.

2. To determine the causes of muscle atrophy in space and, so,

provide a basis for the development and evaluation of countermea-
sures.

3. To ascertain if the changes in muscular function that occur

in space are similar to those occurring on earth and if spaceflight

offers any unique opportunity for the study of muscle remodeling.

Space Anemia

Anemia was first noticed in Gemini missions in which astro-

nauts were breathing pure oxygen at low ambient pressures. This

presumably caused oxidation of red blood cell (RBC) membranes

and a destruction of the RBCs themselves, a so-called hemoly-

sis. In the Apollo program, normal ambient air was provided at

launch but was gradually enriched so that astronauts were eventu-

ally breathing pure oxygen. When they were found anemic, it was

thought to be due to the same oxidative RBC damage. A similar

anemia, however, has also been seen in Shuttle missions, where the

cabin air is identical in pressure and composition to that found at

sea level, and so the anemia cannot be attributed to high oxygen
levels.

The primary scientific goal is to determine the relative impor-

tance of the several factors that may contribute to the anemia of

spaceflight.

Human Nutrition

The energy requirements of posture and motion should be

less in space than on earth since the body does not have to work

against the force of gravity. This would suggest that caloric re-

quirements would be lower in space. Yet, man typically exhibits
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a small loss in weight during spaceflight even though the diet ap-
pears to have a nearly normal caloric content. There are several
outstanding questions with respect to human nutritional require-
ments in spaceflight. What has been the food and fluid intake

during spaceflight? To what extent are nutritional requirements
modified by transient digestive disturbances, such as the anorexia,

nausea, and vomiting associated with space sickness? Do the con-
ditions of spaceflight alter gastrointestinal physiology, including
the absorption of essential nutrients and the functioning of gut
flora? Are there changes in energy metabolism and storage other
than those due to muscle changes? Is spaceflight associated with

a change in energy expenditure? What, in fact, are the energetic
requirements of work in the space environment?

The primary scientific goal for the study of human nutritional
requirements in space is to understand and describe the nutritional
needs associated with space travel.

Human Reproduction

To date, there has been no research into the effects of space
travel and the physiological adaptation to zero gravity on the

reproductive system of humans. There are three conditions as-
sociated with space travel that may affect reproductive function:
stress, microgravity, and radiation. There is evidence that stress
alone may produce short-term effects on women. One of the more
serious of these effects involves hormonal changes, particularly a

decrease in estrogen production. Estrogen has significant effects
on bone turnover. The osteopenia that occurs in spaceflight would
be compounded by hypoestrogenism and may not be completely
reversible. Microgravity could also affect the female reproductive

tract by altering the menstrual flow. The effect of space radiation

on male and female reproduction has not been characterized, even
in animals. As radiation exposure is a certainty in spaceflight, it

is important that these effects be determined to protect the re-
productive capability of those individuals who plan to embark on
medium- to long-term space missions.

The primary scientific goal is to study the effects of the space

environment on human reproductive functions.
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Human Behavior

Behavior involves the interaction of individuals with their en-

vironments. Adaptive behavior is essential to the success of any
human endeavor. Humans usually behave adaptively in familiar

surroundings providing that excessive or unusual demands are not
made of them. In strange environments, however, normal behav-
ior can be disrupted, particularly if intensive and or highly skilled

performance is required. Spaceflight is certainly an unusual en-
vironment. While there have been no official reports of serious

behavioral disruptions in either the U.S. program or that of the

U.S.S.R., there is evidence that these have occurred. Further-
more, it has been suggested that behavioral and social problems
will become more frequent as missions become longer and more

complex and as crews become larger and more heterogeneous in

their makeup.
The primary scientific goal for the study of human behavior

in space is the development of a satisfactory, empirically based

theory that identifies the environmental, individual, group, and
oragnizational requirements for the long-term occupancy of space
by humans. Although the evidence is fragmentary, it seems likely
that behavioral and social problems have already occurred during

long-term missions. An understanding of what these problems are
and how to ameliorate them is essential if humans are to occupy

space for extended periods of time. From a scientific perspective,
it seems likely that significant advances in our basic knowledge of
human interactions and group processes will emerge from research

needed to ensure effective performance and adjustment in space.

RECOMMENDATIONS ON SCIENCE PROGRAM
AND POLICY ISSUES

Many of the recommendations in this report represent a de-
parture from the current procedures used by NASA in conducting

its Space Biology and Medicine Program. These changes are neces-
sary in order to implement the scientific strategy that the commit-
tee has devised. Proposals are made concerning the use of panels
of scientists to advise NASA regarding the implementation of the

research strategy; the need of researchers in space biology and
medicine for continuous access to spaceflight opportunities; the

advantages of organizing spaceflight into a sequence of missions,
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each focused on a central theme of major importance; and certain

design features that will enhance spaceflight experimentation and

general facilities.

Science Program Issues

Specialty Panels

Biology, like most other sciences, is dynamic. Hence, any sci-

entific strategy will require adjustment to reflect new results and

technical developments that occur. Space biology and medicine,

it is our belief, will eventually emerge as a single, unified disci-

pline. But in this, the early stages of its development, there is

a need for detailed planning in each of the specialty areas that

make up the discipline. At present, each specialty area has its own

problems, needs, and opportunities, and requires a comprehensive

research strategy. Planning is best done by panels of scientists in

each specialty, working in close cooperation with NASA's Office
of Life Sciences. The committee recommends that there be stand-

ing panels of 5 to 10 qualified scientists to help NASA's Office of

Life Sciences to review, update, and refine the research strategy in

each specialty area. The areas represented on the specialty panels

should include: developmental biology, plant gravitropism, senso-

rimotor integration, bone and mineral metabolism; cardiovascular

and pulmonary function; muscle biology; endocrinology, nutrition,

and hematology; and human behavior.

The panels would have several responsibilities. First, they

would evaluate research proposals in terms of their scientific merit

and their impact on the overall strategy. Second, they would

review all of the activities sponsored by the Office of Life Sciences

in the particular specialty area and provide guidance as to how

the various research programs--basic, clinical, ground-based, and

space research--can best be integrated to meet research objectives.

And, last, they would seek to identify promising but neglected

areas of space biology and medicine research and seek ways to

encourage interest in these areas. Establishment of such panels

should provide the continuity and focus necessary to successfully
oversee the implementation of an integrated scientific research

strategy in each specialty area.

To oversee the implementation and coordination of the pro-

grams in the various specialties is the responsibility of the director
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of NASA's Office of Life Sciences. In meeting this responsibility,

the director should seek the advice of more generally constituted

advisory groups. These include the Life Sciences Advisory Com-

mittee, which reports to the NASA Advisory Council, and the

Committee on Space Biology and Medicine, which is a subcom-

mittee of the National Research Council's Space Science Board.

A major function of these multidisciplinary panels should be to

frame the overall goals of the life sciences program and to ensure

a proper balance in the research funds and flight opportunities

devoted to each specialty.

Dedicated Life Sciences Laboratory

One of the major reasons for the slow progress in the U.S.

program of research in space biology and medicine has been the

lack of flight opportunities. There were no spaceflight initiatives

in human biological research between the Skylab missions and the

beginning of the Space Shuttle program. The research program

outlined in this strategy requires the collection of large amounts

of data and the gradual improvement of research protocols and

techniques. Most of the experiments require manned intervention.

If significant progress is to be made by the end of this century, space

biology and medicine must have continuous access to spaceflight

opportunities. Based on the dual requirements of continuous access

and manned intervention, the committee recommends that there be

a dedicated Life Sciences Laboratory on the Space Station. Until

the Space Station becomes operational, the Space Shuttle should

be used at every available opportunity to sharpen hypotheses and

techniques. In the interim necessitated by the Challenger disaster,

ground-based research should be expanded so that we can be better

prepared to take advantege of flight opportunities, once they resume.

Focused Missions

Most flight opportunities involving the life sciences have car-

ried experiments from several specialties. There is a better way

to meet our research goals. The committee recommends that space

biology and medicine research time on the Space Station be divided

into 3- to 6-month blocks, with each block largely devoted to a single
research area. Missions in each area should occur at least three

times each decade. It further recommends that two or more payload
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specialists on each flight be practicing laboratory scientists in the
particular specialty.

The adoption of such an approach would simplify mission
planning and implementation. The same equipment and, in some
instances, the same biological specimens can be used in several

experiments. The scientific working group participating in the
mission will have a common understanding and, presumably, a
common set of goals. The mutual understanding within the work-

ing group, as well as longer mission durations, should enhance
flexibility in the scheduling of individual experiments. Both flexi-
bility and innovation are important in successful biological exper-
imentation.

The objective in such an approach is to maximize the impact
upon the particular specialty area involved by focusing on the
few essential questions that need to be answered over the next 10
to 20 years. To succeed, teams of the very best scientists in the

area should be recruited. There are three attractions offered by
the focused-mission approach that would aid in this recruitment:

(1) the promise of important results would exist, (2) there would
be the opportunity to join in a team effort with other first-rate

scientists, and (3) the administrative and organizational burdens
of mission planning and implementation would be shared.

Flexibility in Spaceflight Experiments

Life sciences research, as conducted on earth, is usually done
by a single principal investigator, working with his graduate stu-

dents, postdoctoral fellows, and technicians in a laboratory de-
signed for a specific research program. The built-in limitations of
spaceflight research require a much different approach. Scientific

productivity will be greatly enhanced if missions can be planned
with sufficient flexibility that the design of individual experiments
can be modified to reflect the latest research findings, including

those obtained on the same flight. The challenge will be to mount
large-scale experiments, meet engineering and scheduling require-
ments, and yet retain the flexibility of experimental design and

execution crucial to biological research.
There are several ways in which experimental flexibility can be

enhanced. First, there must be rapid feedback of results during the
mission. This will require increased on-board analytical capability

and the ability to communicate the results in an understandable
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mannerboth to the crew and to their ground-based colleagues.
Second, it is important that the two groups be able to exchange

data, information, and ideas. Third, there must be flexibility in
the availability of equipment and experimental organisms, as well

as in the scheduling of experiments.

General Facilities

The conduct of space biology and medicine research in space

wiJl require the ava/lability of certain facilities. Discipline-specific
facilities are discussed in each of the individual subdisciplines

addressed in the strategy. Those discussed below would be of

general use in life sciences research.

1. Variable Force Centrifuge (VFC). Such a device is the single
most important facility in any life sciences program. A VFC has
three equally important functions. (1) It provides an on-board 1-g
control that can separate the influence of weightlessness from the

other effects of spaceflight. (2) Microgravity has both short-term
and long-term effects on biological systems. Both kinds of effects
involve important biological phenomena. Their study is greatly
facilitated by a VFC, which aIIows exposure to microgravity or to

gravitational forces for varying periods of time. (3) The removal
of gravitational forces is already known to have major impacts on
biological systems. In such cases, it is of particular importance

to determine if there is a threshold force required for a response
to occur and, more generally, to ascertain the dose-response rela-
tionship. A VFC offers the crucial advantage in answering these

questions, since it makes possible the introduction of fractional g
forces. From these comments, it can be appreciated that a VFC

should increase the scientific return from space experiments by

orders of magnitude.
This committee has been apprised of the engineering problems

involved in the inclusion of a large centrifuge in a freely floating

Space Station. Nevertheless, the committee still recommends that
a variable force centrifuge of the largest possible dimensions be
designed, built, and included in the initial operating configuration

of the Life Sciences Laboratory. A VFC is an essential instrument
for the future of space biology and medicine.

2. Specimen Facilities. Humans are the subjects of choice

in many areas of space research. A system for the collection

and preservation of specimens, including blood, urine, and stool
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samples,is essential.Animal research is essential in several ar-

eas, including sensorimotor adaptation, muscle atrophy, bone and
mineral metabolism, and developmental biology. The committee

recommends that a research animal holding facility (RAHF) be
included in the initial operating configuration of the Life Sciences
Laboratory. Plant research requires a chamber in which plants
can be grown from seed-to-seed under conditions of controlled

temperature, light, humidity, and nutrition.

3. Facilities for On-Board Handling and Analysis of Cell and

Tissue Specimens. There should be facilities available for analyti-
cal biochemistry, automated radioimmunoassays, and radioactive
tracer studies. Inflight histological examination requires facilities

for fixation and sectioning of specimens and a light microscope
with direct and phase contact optics.

4. Computational Facilities. There should be dedicated micro-

processors for process control and data storage. In addition, there

should be common facilities that can be used for general purpose

computations, as well as data management, analysis, and display.
Such capability will aid in the rapid return of data mentioned in
the previous section.

Science Policy Issues

Mission Planning

The selection for spaceflight experiments generally begins with
an Announcement of Opportunity (AO), which is distributed by
NASA. In the past, the AOs in the life sciences have stated NASA's

intention to fly experiments on a specific mission. If the focused

mission approach is adopted, future AOs should be confined to

a particular field and should explicitly state the major research
questions that the mission is intended to address. The specialty
panels should be consulted on the framing of the AOs and should

be the primary peer review panel in the selection of experiments.
The comprehensive research strategy in the particular specialty
should form the basis of those selections.
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CrewSelectionandTraining

Lifesciencesresearchin space,perhapsmorethan anyother
discipline,requiresthat the experimentsbe doneby skilledsci-
entists. The qualificationsof suchscientistsshouldbeextensive
laboratoryexperiencein the relevantdisciplineor disciplinesand
evidenceof independentresearchabilities.It wouldbewellto have
twosuchscientistsoneachmission.Participationasaflight scien-
tist shouldbestructuredin sucha wayasto enhancerather than
jeopardizethe individual'scareerin research,be it at a NASA
ResearchCenter,privateindustry,or a university.

InterimStrategies

Spacebiologyandmedicine,likethe otherspacesciences,has
beenhurt bythehiatusin spacemissionsnecessitatedbythe Chal-

lenger disaster. During the interim, ground-based research should
be expanded so that we can take better advantage of flight oppor-
tunities, once they resume. The hiatus provides an opportunity
to develop research strategies in the specialty areas and a com-

prehensive plan for the entire life sciences. This report represents
only a first step in a continual process. NASA has an obligation

to fly missions to which it is committed. Many of the scheduled
missions were conceived more than a decade ago. Some of them

are still timely. NASA must evaluate all proposed missions in
terms of a single benchmark--the impact on the overall research

strategy. Finally, the future of space biology and medicine will
depend on the quality of the young people attracted to the field.
NASA should expand its fellowship programs to encourage predoc-

toral and postdoctoral training at universities, research institutes,
and NASA Research Centers. Even in a period of reduced flight

opportunities, there is exciting, important research to be done in
ground-based laboratories. At the same time, it has to be empha-

sized that the full potential of the field will be realized only when
there is expanded, continuous access to space.

Interagency Cooperation

While the responsibility for a coordinated program in space

biology and medicine clearly rests with NASA, some aspects of
the research will also be of interest to other agencies, including the
National Institutes of Health and the National Science Foundation.
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It would be wise for NASA to maintain a formal liasion with these

agencies. One mechanism might be to appoint representatives

from other agencies to serve as ex officio members of the specialty
panels.

International Cooperation

There has been a long and fruitful collaboration between the

United States, Canada, and the countries of Western Europe. Con-

tinued cooperation should be encouraged. The Soviet Union has

made a larger investment in space biology and medicine than we

have, and, in many areas, they are more accomplished than we are.

The free and open exchange of scientific ideas is of interest to both

nations science we share a common interest in the understanding

of life's processes and in the manned exploration of space.
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Introduction

Life as we know it has evolved in the presence of gravity.

It hardly comes as a surprise that plants, animals, and humans
show abnormalities in function when exposed to the microgravity

environment of spaceflight. At the same time, organisms adapt to

this, as they do to other novel environments. Space biology and
medicine studies how individual organisms and small groups of

organisms respond to microgravity and adapt to it.
There are two kinds of research, basic and clinical. With

regard to space biology and medicine, basic research seeks to
answer questions of general biological interest. Clinical research
deals with the health and well-being of astronauts during both

short- and long-duration missions. Basic and clinical research
are interrelated. Effective solutions of clinically relevant problems

usually involve the rigorous application of scientific methodology.

Further, the study of basic biological processes has often provided
essential clues to the solution of clinical questions. Finally, in many

cases, the solution of a general biological question has started with

a question of clinical interest from a life scientist.

CLINICAL RESEARCH

When man goes into space, many things happen. For illustra-

tive purposes, five clinical problems are reviewed. In considering
these and other clinical issues, the committee has assumed that
manned missions lasting 90 days to 1 year will become common

during the 1990s. Sometime after the turn of the century, the
committee has further assumed, there will be a manned planetary

19
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mission, possibly to Mars, involving an outbound trip of 1 1/2

years, a planetary stay of 1 to 6 months, and a return trip of 1 1/2
years. Missions beyond 3 to 4 years duration are not dealt with
here.

Sensorimotor Integration

The disappearance of gravity upsets the signaling from the

vestibular labyrinth, so that astronauts can become disoriented

and experience space sickness, a syndrome that shares many fea-

tures with terrestrial motion sickness. Remarkably, the brain

learns to adapt to the altered signaling over the course of 3 to 5

days. Space sickness can greatly diminish crew effectiveness during

the first few days of a mission. Postural disturbances and vertigo

can be present during the first postflight week. The problems are

largely operational. The one possible implication for long-term

health concerns the possible deleterious influence of prolonged mi-

crogravity exposure on the structure and function of the vestibular
end organs.

Cardiovascular Adaptation

In a microgravity environment, there is a headward shift of

body fluids that is interpreted by the cardiovascular system as

an increase in blood volume. This is a hyperdynamic state. By

a variety of neural and hormonal regulatory mechanisms, fluid is

excreted from the kidneys. This may be an appropriate adjustment

to microgravity, but it is still unclear whether the system remains

hyperdynamic, returns to a state similar to that on earth, or

becomes hypodynamic. The state achieved will determine the

rate at which blood is pumped by the heart and whether cardiac

muscle, in response to the demands made upon it, will hypertrophy

or atrophy. Problems also arise upon return to earth. There is

now an orthostatic intolerance: an inadequate amount of blood

is delivered to the brain during standing. The symptoms are not

unlike those that occur after prolonged bed rest, and the system
may take days to weeks to readapt to terrestrial conditions. Three

questions can be asked. Do the symptoms reach an asymptote for

flights beyond a certain duration? Assuming that a steady state

is reached, is the cardiovascular system hyperdynamic, normal, or
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hypodynamic? Will the symptoms that occur on return to earth
be exacerbated by missions lasting months to years?

Muscle Remodeling

One of the major functions of the musculoskeletal system is

the maintenance of an upright posture in the face of gravity. Dur-
ing spaceflight, there is no longer a need to oppose gravity, activity
decreases in the so-called antigravity muscles, particularly the ex-
tensor muscles of the legs and trunk, and disuse atrophy of these

muscles occurs. The atrophy has apparently not compromised

crew function in flight, except possibly during the extraordinary
muscle demands during some instances of extravehicular activity.

Nor has the atrophy proved particularly disabling postflight. Nev-
ertheless, recovery of muscle mass, muscle strength, and exercise
tolerance can take from days to weeks.

Bone and Mineral Metabolism

In Space there is a demineralization of bones, especially the
bones of the leg and probably the spine. This is most likely the
result of a decrease in mechanical forces experienced by bone. The

largest and most important of these forces arises from muscular
contractions. Signs of altered bone and mineral metabolism have
increased progressively for flight durations of up to 90 days. This

may represent a major health hazard. A lengthy recovery period is
required to regain lost bone. Bone loss, especially that of trabec-
ular bone, could be irreversible. Under some conditions, kidney
stones may develop. Perhaps most importantly, it is possible that

clinically evident fractures will occur as a consequence of long
duration.

Human Behavior

There have been relatively few official reports of maladaptive

behavior leading to a deterioration in individual and crew per-
formance in space. Evidence does exist, however, that behavioral
disturbances have occurred. This is hardly surprising considering

that spaceflight involves several psychologically stressful factors--
social deprivation, physical confinement, demands for high per-
formance, and the discomfort associated with crowding, lack of
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privacy, artificial life support, and weightlessness. Even greater
psychological demands will be made on crews as mission duration

and task complexity are increased and as the composition of the

crew becomes more heterogeneous. A greater incidence of behav-

ioral disturbances seems likely. These could imperil the affected

individual, the crew, and the mission itself.

In each of the five areas, a program of research on selection,

training, and countermeasures is needed. Such programs have a

greater chance of succeeding if the basic mechanisms responsible

for the symptoms are understood. What is required is a rigorous

program of clinical research that rests on a secure foundation of
basic research.

BASIC RESEARCH

An ambitious program of basic research, while it can be jus-

tified on narrow clinical grounds, is also warranted because it can

answer questions of intrinsic biological interest. Here the commit-

tee will review, in addition to the five areas already considered,

two areas that are of interest largely from the perspective of basic

biology. These are developmental biology and plant gravitropism.

Sensorimotor Adaptation

The peripheral vestibular apparatus consists of two kinds of

sensory receptors: (1) the otolith organs that sense linear forces,

including gravity, acting on the head and (2) the semicircular

canals involved in the signaling of rotatory head movements. The

activity of the otolith organs is altered in microgravity; that of the

semicircular canals is not affected. Spaceflight offers an opportu-

nity to study the relative roles of two kinds of organs as well as the

adaptive mechanisms the brain uses to adjust to the altered force

and motion environment. Space sickness is a variant of terrestrial

motion sickness. The neurological and neurohumoral mechanisms

involved in the syndrome of motion sickness are poorly under-

stood as is the biological function of the syndrome itself. The

functional contributions of the various vestibular end organs, the

mechanisms of sensorimotor integration, and the mechanisms of

motion sickness are important areas of basic research.
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Cardiovascular Adaptation

The cardiovascular adjustment to microgravity involves many
of the same physiological mechanisms that are important in the
control of blood pressure and blood volume on earth. This is

largely accomplished by regulating the excretion of water and salt
by the kidney. The mechanisms involve three sets of hormones.

Atrial natriuretic factor (ANF) is released by direct mechanical
stimulation of the heart. The secretion of antidiuretic hormone

(ADH) from the posterior pituitary gland is inhibited by a ner-
vous reflex triggered by mechano-receptive afferent neurons in the

heart. Aldosterone release from the adrenal cortex is inhibited by
a chain of mechanisms that reflects the activity of the sympathetic
nervous system and the rate of blood flow through the kidney. The
decrease in ADH results in a diuresis, whereas the changes in ANF

and of aldosterone assure a corresponding loss of salt. Many other
neurohumoral mechanisms contribute. Some of these doubtlessly
remain to be discovered. The ways by which the various com-

ponent mechanisms are coordinated to provide an appropriate
adjustment of the entire system are by no means clear. As a re-
sult, neurohumoral regulation of pressure and volume remains an

area of very active research in cardiovascular physiology.

Muscle Atrophy

The biological mechanisms that induce atrophy are largely
unknown, as are the mechanisms of exercise-related hypertrophy.

Even though there is a wealth of information on protein synthesis,
the biochemical pathways responsible for the synthesis and degra-

dation of contractile proteins in response to use and disuse are
not understood. Muscle metabolism is regulated, in part, by vari-
ous hormones, including insulin and the somatomedins, but their
precise role in hypertrophy and atrophy needs to be determined.
The identification of the cellular and molecular mechanisms that

link active muscle contraction and changes in contractile protein

synthesis remains a fundamental question of muscle biology.

Bone and Mineral Metabolism

Two systems control the metabolism of bone in adults. The
first is the bone remodeling system that is responsible for the re-
sorption of old bone and the formation of new bone. The second
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isa homeostaticsystemthat controlsthe concentrationof plasma
calcium. Differentcellswithin boneare involvedin the two sys-
tems. The calciumfluxesinvolvedin homeostasisare large and

rapid when compared to those involved in remodeling. Various

hormones--parathyroid hormone (PTH), calcitonin, and vitamin
D metabolites--affect both systems, but in different ways. Al-
terations in the homeostatic system can affect remodeling, but
remodeling has no direct effect on homeostasis. Three basic ques-

tions may be asked. (1) What is the precise relation between the
two systems in bone health and disease? (2) How do the vari-
ous hormones exert their effects? (3) What are the transduction
mechanisms that couple mechanical stress to bone remodeling?

Human Behavior

The study of behavior, which began in the experimental lab-
oratory has now been extended to humans in more naturalistic

settings, including real-life situations. Solutions to the psycho-

logical problems expected to arise from prolonged spaceflight will

require research in several areas. The results should have applica-
bility to confined microsocieties other than space crews and even
to everyday circumstances. Research topics include the impact of

environmental factors, architectural design, and task requirements
on individual and group performance; the interaction between in-
dividual personality and group performance; and the effects of
various factors, both social and nonsocial, on individual behavior.
Much remains to be learned concerning group dynamics, includ-

ing the partitioning of authority and autonomy, the evolution over
time of semiautonomous task-oriented groups, and the essential

attributes and functions of group leaders. A group depends on the
organization to which it belongs for rewards, information, techni-
cal assistance, and material resources; the most effective modes by

which these organizational supports are delivered remains to be

determined. Finally, ways have to be found to integrate the var-
ious environmental, individual, group, and organizational factors
into an effective whole. Most of these issues are not peculiar to

spaceflight, but are of importance in many highly organized social
endeavors.
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Developmental Biology

Two questions are raised. (1) Can organisms undergo normal
development under microgravity conditions, or is development so
abnormal that multiple generations cannot survive? (2) Does the
microgravity environment provide opportunities to study devel-

opmental processes better than they could be studied on earth?
Virtually no information exists that bears on these questions. Few
organisms have been kept in space through one life cycle--from

fertilization through subsequent production of progeny. Only a
relatively small number of organisms have been flown at all, the
results have been inconsistent, and almost all of the experiments
have lacked necessary controls. The situation is unfortunate be-
cause satisfactory answers could be obtained by flying a few model

organisms, both animals and plants. Simple morphological ex-
amination should suffice as a preliminary screen. Ground-based
research, involving the use of gravity equalization on a clinostat,

can be used to identify developmental processes that are poten-
tially gravity-sensitive, and so, are possible candidates for study
in microgravity. There is also a need for ground-based research on

the biological and biochemical processes involved in the developing
systems that are chosen for space experiments.

Plant Gravitropism

Plant growth has a definite orientation with respect to gravity.
Roots grow in a downward direction, while stems grow upward.
Several processes are involved: the perception of gravity, its trans-

duction into a physiological signal within the sensing cell, the
transmission of the signal from the sensing cell to other regions
of the cylindrical plant organ, and the differential growth of the

two sides of the organ that determines whether it will curve up-
ward or downward. The sensing of gravity is done by amyloplasts,
starch-containing organelles contained in specialized cells, the sta-

tocytes. Since the density of amyloplasts is greater than that of
the surrounding cytoplasm, they will settle to the bottom of the

statocyte. The transduction mechanism that intervenes between
amyloplast settling and signaling is unknown. Signaling is most

likely done by growth hormones. The concentrations of growth
hormones, including indoleacetic acid (IAA) and the gibberellins

(GA), are higher on the rapidly growing side than on the slowly
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growing side of plant shoots that are stimulated by gravity. In ad-

dition, abscisic acid (ABA), a growth inhibitor, may be involved in

the tropistic curvature of roots. The mechanisms of transduction,

the roles of the various hormones, and the physiological mecha-

nisms by which they stimulate growth remain to be elucidated.

Both ground-based and spaceflight research is needed to resolve
these issues.

GROUND-BASED AND SPACE RESEARCH

There is important research to be done on each of the 10

problems. Much of this research is best done on the ground, where

the full repertoire of modern research techniques can be applied.
Ground-based research is needed to elucidate the mechanisms un-

derlying the various responses to gravity and to its absence. In

addition, there are earth-based models for many of the biological

effects observed in space. Some examples can be cited. Many of

the cardiovascular responses to microgravity can be simulated by

bed rest, by water immersion, or by other procedures that elimi-

nate the differences in hydrostatic pressures along the body's long

axis. Some aspects of muscle atrophy and of bone demineraliza-

tion can be reproduced by bed rest or by limb immobilization. A

clinostat, by continually reorienting the specimen relative to the

earth-vertical axis, can eliminate the orientation cues provided by

the gravity vector. Clinostats have been used to study the role of

gravity in axial determination during early development, to exam-

ine the influence of hypogravity on tropistic and other responses of

plants, and to estimate the discharge that otolith afferents would

have in the absence of gravity.

In some biological systems, the effects of microgravity cannot

be simulated on earth. The vestibular system is one such system

where the long-term effects of weightlessness can only be studied

in space. Microgravity conditions can be produced on earth during

free fall or during parabolic maneuvers, for example, on airplanes

or rollercoasters. Technical considerations, however, limit the du-

ration of weightlessness on earth to several minutes at most. Cli-

nostats can be used to simulate hypogravity, but their use has its

interpretive difficulties. This is so because the required rotations

about an earth-horizontal axis result in a mixing of intracellular

contents, and for larger specimens, centrifugal forces, tangential

forces, and a gravity-induced flopping of parts also occur. Clino-

stats will remain an important tool in gravitational biology, but
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any results obtained with these instruments must be verified in

spaceflight. A similar conclusion holds for those fields where there
are other earth-based models of weightlessness. The models seem
plausible, and they reproduce many of the reported symptoms
of spaceflight. Yet, there is simply too little empirical evidence
to decide if they are adequate. One example will suffice. The

cardiovascular response to microgravity should, according to both
conceptual and experimental models, involve a transient increase
in central venous pressure followed by a diuresis. The expected
diuresis during spaceflight has not been documented. Measure-
ments made during the Spacelab-1 mission failed to confirm the

predicted increase in venous pressure. There is a need to determine
the adequacy of various models, and this will require a detailed
comparison between earth-based and spaceflight observations.

Does the space environment provide a unique opportunity to
study any of life's processes better than it can be studied on earth?

Here, again, there is not enough experience to decide. More needs
to be known about the kinds of biological adaptations that take
place in space and whether they can be duplicated by models

on earth. It is absolutely essential in this regard to be able to
distinguish effects due to microgravity from those that are the
result of radiation or other stresses of spaceflight.

We concentrate on the effects of microgravity. There are two

families of models to be considered. The first attempts to eliminate
the mechanical forces that affect a system because of the presence
of gravity. The use of bed rest or water immersion in cardiovascular

studies is an example. Should such models reproduce the essential
features of the space environment, then those fields of space biology
will largely become earth-based sciences, with space missions being
used to verify results obtained in ground-based laboratories.

The second family of models is used in those situations where
the effects of gravity cannot be eliminated on earth. These de-

pend on a logical, rather than a mechanistic, analogy. An example
is found in the vestibular system. Suppose one wishes to study

the neural processes of adaptation to an altered force-motion en-
vironment. On earth there is no way to eliminate the influence

of gravity on the otolith organs, except for brief periods. So one
would need to study a logically analogous situation. Fortunately,
there are a number of earth-based experimental paradigms that
would allow one to do this. One of these involves having subjects
wear reversing prisms or other optical devices. Another would

have individuals live in a so-called slow-rotating room. By corn-
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paringa varietyof suchmodelswith spaceobservations,wecan
learnwhetherthere is anythinghappeningin spacethat cannot
be reproducedonearth.

Thereis nowayto decidetheseissuesapriori. Both ground-
basedandspaceflightexperimentsareessentialcomponentsof the
researchstrategyand must be tightly coordinated.The earth-
basedpart of the strategy is no more challengingthan many
large-scaleprogramsin the life sciences.The spaceflightpart
of the plan is considerablymoreambitiousthan any previously
plannedflight programin the life sciences.It shouldhavethe
followingcharacteristics.(1) Therehasto beanoverallresearch
planthat identifiesimportantquestionsandprovidesa reasonable
frameworkin whichtheycanbeanswered.(2) Ground-basedand
spaceresearchhaveto be coordinated. (3) The mass of data that
needs to be collected requires that researchers in space biology
and medicine have continuous access to space. (4) The scope of
the spaceflight experiments is such as to require focussed missions

and a team-research effort in each relevant field. (5) The experi-
ments have to be controlled. A variable force centrifuge (VFC) is
essential. Ways of implementing the strategy will be considered in
the Chapter 12.

It must be emphasized that the field of space biology and
medicine is in its infancy. Relatively few biological experiments
have been flown; most have not been part of a larger research

strategy; and few of them have been adequately controlled or
replicated. The experiments have demonstrated the qualitative
effects that the space environment has on biological organisms,

especially man. But, for the most part, they have contributed little
to our understanding of basic mechanisms, to the clinical questions

raised by manned spaceflight, or to basic biological questions.
In contrast, the ground-based research in the various areas of

relevance, whether supported by NASA or by other sources, has
been of high quality. The main purpose of this strategy is to redress
this imbalance and to determine if space is an important frontier

for the study of biology and medicine. The solution is not to
diminish support of ground-based research, but rather to enhance
spaceflight research. Space biology and medicine experiments will

continue to be flown, if only to guarantee the health and safety
of astronauts. If properly planned, the experiments can make
important contributions to both clinical and basic science.
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Developmental Biology

INTRODUCTION

Traditionally, developmental biologists have considered their
domain to encompass all aspects of the lifespan of an organism,

from fertilization through aging. Topics of research have included
gamete production, fertilization, embryogenesis, implantation (in

mammals), the formation of organs (organogenesis), and a broad
area including changes after birth defined as postnatal devel-
opment. Moreover, developmental biologists are accustomed to
asking experimental questions concerned with certain phenomena
that occur at certain phases of development. For example, it is

known that at some point after fertilization, different in diverse
organisms, cells become committed to developing along a certain

pathway. This restriction in fate is called determination. For in-
stance, if the first two cells of a cleaving sea urchin embryo are
separated, each may give rise to a complete, normal, but one-half-
sized larva. But if one of the cells from the sixteen-cell stage is

separated and raised in isolation, it does not give rise to a normal
but one-sixteenth-sized larva; it develops into a specific subset of

larval tissues. During early cell divisions in most animal embryos,
there are gradual restrictions in developmental potentiality; this

is not the case in plants. Sooner or later in all animals the cells
in the embryo can usually give rise only to a certain tissue or
organ. They have lost their plural potentialities. The second pro-

cess of development is differentiation, an all-encompassing term
that designates the processes whereby the differences that were
"determined" become manifest. In other words, differentiation

29
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is the selective expression of genetic information to produce the

characteristic form and functions of the complex, fully developed

embryo. The mechanisms of determination and differentiation

(i.e., selective gene expression) are two of the fundamental issues

of early embryonic development that are at the cutting edge of

current biological sciences. A third aspect of early development,

the mechanisms whereby the determinations and differentiations

occur at the right time to produce the normal organisms to which

we are accustomed is called the formation of pattern. It is a

complex and abstract way of saying that not only do they realize

these fates, but they do so in the correct place at the correct time.

These three issues, determination, differentiation, and pattern for-

mation, are the cornerstones of normal embryonic development of

all animals as well as plants.

It is difficult to visualize the entire developmental process at

one time or in one organism, because the formation of the various

tissues and organs (organogenesis) not only spans several devel-

opmental stages, but also continues after birth (or hatching) and

into the natal period. Further, the transition from the neona-

tal period to adulthood is marked by fundamental developmental

events, such as cytodifferentiation (cell specialization), develop-

mental transitions (isoforms) at the molecular and possibly the

cellular level, cell-cell interactions and inductions, the develop-

ment and integration of many physiological and biochemical func-

tions, and growth. Regenerative processes are fundamental devel-

opmental responses to postnatal tissue loss and injury. In many

situations, developmental processes along with adaptive functions

are responses to pronounced changes in the overall environment

to which an individual is exposed.

In this chapter two basic questions are considered. (1) Can

organisms undergo normal development under conditions of mi-

crogravity, or are there gravity-sensitive phases or processes, e.g.,

fertilization, that are abnormal in microgravity such that repetitive

life cycles do not occur? (2) Does the unique microgravi_y environ-

ment of space provide a tool to study developmental phenomena

better than, or exclusive of, similar studies carried out in ground-

based experiments? In approaching such questions, the committee

was impressed at the outset with the paucity of controlled exper-

iments that have been carried out in space. A few additional

ground-based experiments using a gravity-compensated approach

such as the clinostat have also been performed. Only one plant
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and no animal has ever been carried through one complete life
cycle--fertilization through subsequent production of progeny--
in the microgravity of space. In fact, relatively few organisms
have been flown at all, and the results of such experiments have

been inconsistent. Both normal development and developmental
abnormalities have been observed, depending on the organism.
Evaluation of the data, however, reveals that a lack of in-flight

controls maintained a 1 g in almost all cases, and minimal knowl-
edge of the effects of stress on developmental phenomena therefore
exists. Stress and/or adaptational effects on plants may lead to
failure of normal developmental and reproductive pathways inde-
pendent of microgravity effects. Similarly, stress and adaptational

effects could lead to problems in the physiology encountered in
the environment of space as they might relate to specific kinds of

developmental events. Finally, while the genetic effects of radia-
tion in space have been analyzed, and there is general agreement

that no synergism exists between radiation and microgravity, the
effects of r_liation, especially that by high-energy particles (HZE
radiation), on morphogenesis of specific structures such as the
brain remain unknown.

In what follows, strategies for evaluating the influence of grav-

ity, or more specifically, microgravity, on the processes of develop-
ment in plant and animal systems are discussed. Different types
of organisms have undoubtedly evolved different strategies to deal

with gravity, or its absence, and it is customary among develop-
mental biologists to discuss and evaluate certain questions based
on the kind of organism studied. For example, some invertebrate

organisms display highly ordered patterns of cleavage, which allow
precise studies on cell lineage but are less well suited for studies
on tissue interactions. Few nonmammalian organisms provide a

model for understanding mammalian development, which, for the
most part, must occur inside of the female. Thus, for simplicity

of presentation, this chapter is divided into subdivisions according
to organism type. That representing animal development includes

further subdivisions such that invertebrate organisms, lower ver-
tebrates, and mammals are discussed separately. Since one of the
most promising areas of research is concerned with the postnatal

development of animals, the latter topic is discussed in a separate
section. Plant development is discussed in another section. Fi-
nally, there is a separate discussion of developmental genetics and
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radiobiology, followed by a summary of the committee's recom-
mendations.

MAJOR SCIENTIFIC GOALS

The overall goals for the study of development in space are
twofold:

1. To evaluate the capacity of diverse organisms, both plant and

animal, to undergo normal development from fertilization through
the subsequent formation of gametes under conditions of the space
environment. It is hoped that a data base regarding the ability

of organisms to develop through multiple generations will thus be
established.

2. To evaluate the use of the space environment as a tool to
study specific developmental phenomena in ways that cannot be

accomplished, or can be accomplished only in part, in ground-based
research.

DEVELOPMENT OF ANIMALS

Invertebrates

Invertebrate animals, those without backbones, have been
used to investigate the basic processes of development since the

beginnings of modern biology. While the organs that form in these
creatures can be quite different from those of vertebrates, they

serve the same purposes of nutrition, respiration, reproduction,
and the like, and are formed during early development by the
same fundamental processes.

The supposition of most scientists is that changes in gravity, or
exposure to microgravity, will have little effect on these processes.
This is especially true for aquatic invertebrates, which often are not

oriented with respect to gravitational fields as they are buffeted
by the physical forces in oceans, lakes, and rivers. Terrestrial

invertebrates are exposed to 1 g, and certain of their developmental
processes might be more susceptible to microgravity. However,
judgments remain largely intuitive because of lack of information.

The classical literature contains many experiments in which
the mechanisms underlying early development have been studied

through application of centrifugal force to developing marine in-
vertebrate eggs. Centrifugation at several hundred times the force
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of gravity haslittle or no effect (occasionallythere is twinning)
ondevelopment,in contrastto the situationfor frogsandbirds.
Localizationsof varioussubstancesthoughtto affectdetermina-
tion ofearlycelltypesaregenerallyinfluencedby thesecentrifugal
forces,whicharefar in excessof thoseencounteredin spacevehi-
cles.Whilesomeoftheseolderexperimentsmayneedreevaluation,
the useof microgravitywouldnot obviouslybenefitinvestigations
of this type;ground-basedresearchismoreappropriateat present.

Becauseof documentedchangesin bonecalciumin mammals
exposedto microgravity,studiesontheformationofskeletalhard-
parts in invertebratesduring later developmentmay be worth
pursuing.Theformationof exoskeletons(shellsandthe like) and
endoskeletons(internal spiculesof echinodermlarvaearean ex-
ample) in invertebratesusuallyinvolvescalciumcarbonate;the
bonesof vertebratesareformedfrom calciumphosphate.In both
instances,however,the insolublecalciumsaltsaredepositedona
proteinaceousmatrix, orscaffolding.It is thoughtthat thematrix
servesasanarmaturethat determinestheoveralloutlinesof the
skeletalelement,andis alsocruciallyinvolvedin the actualdepo-
sition ofthe insolublecalciumsalts.Thematrix ofvertebratesisa
mixtureof veryhighmolecularweightmacromoleculescomposed
of both protein and carbohydratethat arecalledproteoglycans
and glycoproteins.The precisechemicaldetailsof just howthe
calciumformscrystalsat the right time andat theright placeare
still a mystery.What wedo knowis that the skeletalelementsof
bothvertebratesandinvertebratesarenot simplycrystals,but in-
timateassociationsof both the organicglycoproteinmatricesand
theinorganicsalts.Someresearchhasbeencarriedout onthema-
trix proteinsandtheprocessof biomineralizationin invertebrates,
including the outerexoskeletoncarapaceof crustacea,shellsof
glycoproteinsthat arehigh in acidicaminoacids.Sincebiominer-
alizationis not wellunderstoodin eitherhigheror loweranimals,
it may be arguedthat invertebratescouldvery well serveas a
useful"modelsystem"in whichto investigatethe basicprocesses
of theformationof calcifiedtissues.

Manyinvertebratesalsopossesssensoryorgansthat areused
to sensethe orientationof the organismin the earth's gravita-
tional field, and theseare analogousto vestibularfunctionsof
vertebrates. One might inquire whether gravity-sensing organs,
like statoliths, develop normally in microgravity. This is a little

like asking whether an eye can develop in the dark. In every case
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in which the developmentof a sensoryorganhas been followed
in the absence of the particular stimulus that is later sensed by
this organ, development has been normal. In a similar way, the
development of statoliths and other invertebrate gravity-sensing

organs may not be affected by microgravity. We simply do not
know.

Scientific Goals

The primary scientific goals for the study of invertebrate de-
velopmental biology in space are:

1. To determine whether microgravity has any effects on the
basic processes of early development from fertilization through larval
formation.

2. To determine whether microgravity alters the normal devel-
opment of a larval invertebrate.

Scientific Objectives

1. To obtain visual observations on space-based living speci-
mens as well as microscopic evaluation of fixed material to deter-

mine if development is Unormal _ compared to ground-based and I-g
centrifuge controls maintained in space.

2. To conduct both ground-based and space-based (using a 1-g
centrifuge control} experiments designed to measure the effects of

microgravity on the development of various organ systems including
bone.

Measurement requirements

These objectives could best be met by run.king morphological

observations on the development of appropriate organisms and
comparing them to ground-based and space-flown, 1-g centrifuge
controls. Organisms need to be chosen on the basis that a great

deal is known of their biology and that simple observations of
morphology can be revealing. Thus the objective is to choose

appropriate organisms and allow them to develop in microgravity.
Among the terrestrial invertebrates, the nematode, C. elegans,

would appear suitable. The other leading contender, the diptera

(fly), is much more difficult to study and to evaluate with respect
to its early development. Hence, the goals of investigating the

effects of microgravity on normal developmental processes can be
best served by using the soil nematode. These simple organisms
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areself-fertilizinghermaphroditesthat undergodevelopmentvery
quicklyundersimpleconditions.Thereisagreatdealknownabout
their geneticsand about their normal development. The precise

destiny of every single cell is known throughout the brief period
of embryonic development, and the number of cells in the organ-

ism is absolutely constant and arranged with unvarying geometric
precision. Abnormalities that occur may be diagnosed for the pre-

cise time and place of the developmental accident because of this
stereotyped developmental pattern. Experimental manipulations
would consist only in fixing embryos at various stages of develop-

ment so that their morphology could be compared to appropriate
controls by using microscopic and histological techniques.

Since invertebrates do form skeletal hard parts of great vari-

ety, the effects of microgravity on establishment and formation of
the skeleton might offer a convenient way to carry out controlled
observations on the effect of microgravity on biomineralization.
Many suitable marine invertebrates develop rapidly in a closed

aqueous environment, require no sources of nutrition, and are so
small they can be handled much like microbes, which simplifies the
taking of samples for fixation and subsequent microscopic analy-

sis. The goal of these studies is to increase our general knowledge
of biomineralization since this is an important area of basic re-

search. Spaceflight experiments can be used to study the influence
of microgravity of skeletal development. There is also a need for
ground-based research on the basic mechanisms of biomineraliza-
tion.

Echinoderms are thought to represent the invertebrate phy-
lum most closely related to the vertebrates (including humans).
Embryos of the sea urchin or sand dollar can be studied on the

ground. They can also be fertilized on the ground, transported
to space, and raised in automated culture chambers. Samples can
be removed from the culture and fixed automatically for later ex-
amination on the ground. Complete development of these forms,

including the formation of the skeleton, takes about 2 days. The
best studied species is the sea urchin, Stroonglyocentrotus purpu-

ratus, which has a hearty embryo that may well be optimum for
the studies envisaged.
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Lower Vertebrates

Several animal eggs including those of birds, turtles, and am-

phibia, display an unequivocal response to gravity in establish-

ment of the embryonic axis. For example, while frog eggs within

the ovary are randomly oriented with respect to gravity, fertilized

eggs, fertilized rapidly, orient so that the darkly pigmented animal

hemisphere is opposite the gravity vector. This rotation allows for

reorganization of the egg cytoplasm, which leads to establishment

of dorsal-ventral polarity. Frog eggs normally display a bilateral

symmetry specified by the site of sperm entry; the dorsal lip (site of

gastrular invagination) forms opposite sperm entry. Inverted eggs,

for example, display dramatic rearrangements of cytoplasmic com-

ponents, and, in some instances, these rearrangements correlate

with specific pattern reversal. These results have led to several

models to account for the mechanism(s) by which the presumed

gravity-derived rearrangements change a radially symmetrical egg

into a bilaterally symmetrical one.

A test of the role of gravity in cytoplasmic rearrangements

using amphibian eggs could be conducted ideally in spaceflight.

Fertilized frog eggs were flown on Biosatellite H; normal mor-

phogenesis occurred. However, eggs were exposed to microgravity

only after the first cleavage, by which time cytoplasmic rearrange-

ments no longer occur even under conditions of inversion. As an

alternative approach, several laboratories have conducted clino-

stat experiments on fertilized frog eggs. In all cases, there was

little or no effect on subsequent development, even when eggs were

fertilized on the clinostat. Large percentages of the clinostatted

eggs displayed normal axial structure morphogenesis. Thus, one

might predict that normal development in the microgravity envi-

ronment of space would occur, and that gravity-driven cytoplasmic

rearrangements are not essential. Interestingly, the location of the

dorsal lip in clinostatted eggs was random relative to the sperm

entry point suggesting that simulated microgravity uncouples the

natural sperm entry site-dorsal lip polarization.

In chick embryos, the positioning of the body axis also is

known to be affected by gravity. During the passage of the fertil-

ized egg down the oviduct, the egg axis is always formed with a

definite orientation with respect to gravity, and some of the cells

of the embryonic blastodisc delaminate and then "float" into the

fluid between the yolk and the very early embryo. This process,
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termedhypoblastformation,maybeaffectedby gravity.Further,
removingtheeggfromtheoviductandplacingit in aneworienta-
tion with respectto the earth's gravitational field causes changes

in the orientation of the primary body axis. Clearly, it is of inter-

est to ask if a plane of bilateral symmetry can be established in

eggs passing down the oviduct in microgravity, and whether the

hypoblast layer (essential to normal development) can form under

such circumstances. Birds form all the organ systems formed in

mammals, but do not require the presence of the mother for devel-

opment, nor is there any postnatal nurturing of any consequence.

Hence, one might argue that birds are a vastly superior animal

for investigations of the effects of microgravity on homeotherms.

The influence of microgravity on organogenesis, including the for-

mation of the major organs, could easily be investigated in fertile

chicken eggs. In particular, since bone metabolism is of very great

importance in space travel and chick embryos do form cartilage

and bone in the same way as mammals, the formation of bones

during embryogenesis of chick eggs is of interest.

Finally, the developing bird embryo is surrounded within the

shell by a complex of vascularized membranes, collectively called

the chorioallantoic membrane, and this membrane is important

in calcium metabolism and also serves as the medium for gas

exchange in the developing embryo. The effects of microgravity on

the formation of the shell (composed of calcium salts) as well as

on the development and function of these membranes and on the

skeletal system has not been investigated.

Scientific Goals

1. To determine if axis formation is normal in amphibian eggs

fertilized in microgravity.

2. To determine if avian development, including axis forma-

tion, chorioallantoic membrane formation, and organogenesis, is

normal in microgravity.

Scientific Objectives

1. To make visual observations on living material as well as

microscopic evaluation of material fixed and sectioned at various

stages to determine if development is normal.

2. To measure the effects of microgravity on development of

various organ systems, including bone.
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Measurement requirements

The primary requirements of initial studies include visual ob-

servations on living and/or fixed frog and avian material to deter-
mine if development is normal. Most, if not all, of the potential

questions and/or models concerned with postfertilization events
in amphibians, as well as events associated with ovulation and

oocyte maturation, could be answered by a spaceflight experiment
of a few days duration. Such an experiment ideally would involve
the induction of ovulation, fertilization, and subsequent develop-

ment through organogenesis in space. This kind of experiment
is scheduled to be flown in space shuttle experiments by both
the European and U.S. space agencies. Unless the outcome of

these experiments is radically different from that anticipated from
ground-based work, it is likely that fertilization and subsequent
development will occur normally under microgravity conditions.

Additional experiments on the putative role of gravity in establish-
ing the sperm entry site-dorsal lip polarity could perhaps be done
at least as well in continuing ground-based experiments, which
should be encouraged.

The conduct of experiments on avian eggs similar to those
described above would involve a determination of whether or not

any axis forms in eggs exposed to microgravity during the first
16 hours after fertilization, while eggs pass through the oviduct.

However, this simple measurement is in fact very complex. Chick-
ens are notorious for shutting down egg laying whenever they are
disturbed, and there are a large number of behavioral and environ-

mental factors, including potential effects on the endocrine system
due to stress, that could interfere with the conduct of the experi-
ment. In view of technical difficulties, plans to evaluate the effect
of microgravity on axis formation in amphibia would command
higher priority.

In contrast to the problems suggested above, it is a relatively
simple matter to send fertile avian eggs into space, requiring only
an incubator and a system for fixing the eggs so that they can be

examined later on the ground. Since the skeletal system is so close
to that of mammals, and the requirements are much simpler, the
development of bones during avian embryogenesis is the preferred

model system for learning about the effects of microgravity on the
development of various organ systems including bone. In addition,

there is a tremendous amount of background on the developmental
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anatomy and physiology in the developing chicken. Of course,

experiments should include a ground-based control and the 1-g

centrifuge in space.

Experiments in which fertile hens' eggs are sent into space and

are periodically fixed for microscopic examination on the ground

are highly recommended for initial exploratory types of studies.

Observations of all organ systems by dissection and preparation of

histological specimens is recommended, with particular emphasis
on the bones and chorioallantoic membranes.

Mammals

Early Mammalian Development

The development of mammalian embryos occurs within the

body of the mother. Consequently, to understand the effects of

the space environment on mammalian development, it is necessary

to be concerned also with physiological responses of the female to

a microgravity environment. For example, it is clear from previous

spaceflights that crew members have experienced redistributions

and volume changes in body fluids, and changes in the concen-

trations of plasma electrolytes, notably calcium and potassium.

These kinds of changes could affect the composition of oviductal

fluid and uterine or vaginal secretions, which could have effects at

the level of fertilization as well as early embryogenesis. Similarly,

marked changes in the concentrations of electrolytes to which the

embryo and developing fetus are exposed could be teratogenic and

even lethal.

Cosmos 1129 carried five female and two male rats for 19 days

in space. The rats were intended to mate in space, resulting in

pregnancies of 1 to 16 days duration before reentry. Birth was to

occur on the ground. Neither the flight animals nor synchronous

controls exposed to the simulated stress of reentry successfully

gave birth. Simulated flight research at Ames Research Center,

performed to obtain information on possible reasons for the re-

productive failure of both flighted rats and synchronous controls

during the Cosmos 1129 experiments, showed that reproductive

failure was not due solely to the stresses of launch and reentry.

Reproductive failure could result from aberrant preimplan-

tation events, suggesting the need to evaluate more closely the

effects of microgravity on these events. When the preimplantation
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embryo reaches the uterus, it must have attained two goals: (1) it
must consist of a minimum number of cells and be at the develop-

mental stage that will be compatible with survival in the uterus,

and (2) the first goal must be reached when the uterus is capable
of supporting implantation of the embryo.

During cleavage, the human embryo's cell number increases

to produce the "morula," which consists of 16 to 32 cells (60 to
70 hours after fertilization). The embryo then "cavitates," which
is a process with two major outcomes: (1) the production of the

blastocoele and (2) the creation of two cell types, trophectoderm
and inner cell mass (ICM). The embryo is now a "blastocyst." The
trophoblast is the only cell type that can "implant" the embryo

into the uterine lining, while the ICM is the only cell type that
can form the embryo proper. For normal embryonic development
to occur, the ICM must consist of a least 4 to 8 cells. This will

not happen if cleavage is delayed so that less than 16 cells have
been produced by the time the embryo cavitates. Consequently,
the proliferation rate--the rate at which cleavage produces new
cells--can affect the size of the ICM, which in turn affects the
ability of the ICM to form an embryo.

Previous space missions have failed to reveal any effects of the

space environment on cleavage rates and early stages of develop-
ment in nonmammalian embryos. Thus, it does not seem likely

that microgravity would have direct effects on cleavage in mam-
malian embryos. On the other hand, the drop in plasma potassium
observed in crew members deployed in space for 3 to 4 weeks or

longer is worrisome from the standpoint of reproductive failure
because this ion can regulate the rate at which preimplantation
mouse embryos develop into blastocysts. If the rate of embryonic

development becomes too much out of step with the uterine cycle,
implantation can be adversely affected. In addition, the concen-

trations of electrolytes (notably potassium, calcium, and sodium)
can affect sperm motility and other features of sperm function
and, so, interfere with its fertilization potential.

Mammalian Development--Organogenesis

The interval between the time of implantation and birth can be

roughly subdivided into two main periods--the period of organo-
genesis and the period of fetal development. In human develop-

ment, the period of organogenesis occurs between the third and
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eighth week of embryonic life. The period between the ninth week

and birth is called the fetal period. The dominant developmental

activity during the period of organogenesis is the structural estab-

lishment of the major organ systems of the body. This occurs as

a well-ordered sequence of events. By the end of the eighth week,

the structural basis for most of the major organs in the body has

been established, and the embryo as a whole has an unmistak-

ably human appearance. However, these newly formed organs are

functionally and biochemically immature. During the fetal and

neonatal period, these structures undergo both functional matu-

ration and continued structural development to accommodate the

increasing functional requirements of the organ.

Each organ or structure has specific times in development

when it is extremely sensitive to the effects of exogenous influences

or defective gene expression. Sensitive periods during which envi-

ronmental disturbances can lead to morphological anomalies are
known in considerable detail. Less is known about the times when

functional development is highly sensitive to exogenous influences,

but, in general, the sensitive periods during which disturbances

can lead to functional disturbances occur later in development

than those leading to gross structural anomalies.

During the period of uterine development, mammalian em-

bryos display no gravity orientation and organogenesis and fetal

development might be expected to be relatively insensitive to a

microgravity environment. The caveat is that because of docu-

mented changes in bone calcium loss, muscle atrophy, fluid shifts,

and decreases in plasma volume in humans exposed to micrograv-

ity, indirect effects of such changes on the development of certain

organ systems could become a problem.

Scientific Goals

1. To determine whether a male and female mammalian species

can copulate in space.
2. To determine whether or not completion of the many devel-

opmental processes that occur during preimplantation development,

organogenesis, and fetal development can occur normally in a mi-

crogravity environment.
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Scientific Objectives

1. To make visual observations on living material to determine
whether animals can successfully mate in space,

2. To make visual observations on living material as well
as morphological and microscopic observations on fixed material

at various developmental stages to determine if development is
normal.

3. To establish an experimental system in which cell lines can be
induced at the will of the investigator in order to distinguish between
the effects of spaceflight on cell proliferation and differentiation.

Measurement requirements

1. The house mouse, Mus musculus, is well suited for most of
the proposed work although the possible use of small marsupials
should be considered. Use of the latter would necessitate that

supporting ground-based studies be undertaken and/or extended.
One advantage of using marsupials is that they exhibit short ges-
tation periods and complete embryonic and fetal development in
an extrauterine environment.

Successful mating is easily confirmed in mice by checking
mated females for vaginal plugs.

2. If copulation is successful, additional developmental stud-

ies could be accomplished using the same females. If copulation is
not successful, then one would need to fly female mice that had
recently copulated on the ground. This would prohibit studies on
the process of fertilization, but would allow all other observations.

Pregnant animals would need to be sacrificed at various times,
and developing embryos and fetuses would need to be fixed for

subsequent microscopic and histological analysis. If anatomically
normal offspring can be obtained from pregnant animals, many
important questions would have been answered. If, on the other
hand, abnormal embryos and fetuses were obtained, intensive in-
vestigations would be required to sort out the variables that led to

defective development. From the standpoint of developmental de-

sign, this can become a very complex question, dependent in part
on the proportion of abnormally developing animals, and could

require a full teratological screening protocol of the sort used to
evaluate the safety of experimental drugs.
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3. As a third experimentalsystem,cell linesthat canbe in-
ducedto differentiateat thewill of theinvestigatorhavethepoten-
tial of enablingoneto distinguishbetweentheeffectsofspaceflight
oncellproliferationandcelldifferentiation.Themouseembryonal
carcinomastemcell linesarewell suitedto this type of investi-
gation. Thecellscanbemaintainedindefinitelyby serialpassage
on feederlayersof mitotically inactivatedfibroblasts.Whenthe
cellsarepassagedwithout feederlayers,they moundup anddif-
ferentiateinto maturecellsfrom all threegerm layers(nerves,
muscle,teeth, epidermis,intestinalepithelium). If reproductive
failurewereto be observedduringon-boardmatingexperiments,
thenthe useof this celllinecouldenableadistinctionto bemade
betweenan effecton cellproliferationperseandaneffecton the
ability of a cellto undergophenotypicchangelike that typical of
celldifferentiation.

Postnatal Development

There is no informationasto whetheror not microgravity
wouldalter postnataldevelopmentalevents.As a preludeto fur-
ther discussion,it is instructive to summarize some of the major
postnatal developmental phenomena. These can be subdivided

into three broad categories: (1) processes that represent con-
tinuations or terminal phases of prenatal developmental events,

(2) developmental processes that are characteristic of the normal
growing and stable postnatal body, and (3) developmental pro-
cesses that are elicited by trauma or major changes in the func-
tional environment. There is a continuum between some of the

developmental events in category 3 and responses that are usually
considered to be adaptive in nature.

The muscular system is a good example of postnatal devel-
opment as a terminal phase of an embryonic process. In most
newborn mammals, the muscles are almost all present in their

final morphological configuration, but a typical muscle is still in-

completely developed in many respects. Gross contractile prop-
erties reveal that neonatal "fast" muscles actually contract very
slowly. With time, the muscle contractions speed up and stabilize

at normal adult levels. Paradoxically, the soleus muscle of the
guinea pig, a classical slow muscle, is fast at birth. In this case
maturation consists of a slowing of the contraction time. These
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changes in gross contractile physiology are correlated with pre-

dictable changes in histochemical properties (especially myosin

ATPase). At birth, the fibers of most muscles stain homogenously,

and as they become functionally stable, distinct populations of

muscle fiber types with fast and slow myosin and high or low

oxidative activity (as reflected in numbers of mitochondria and

mitochondrial enzymes) differentiate. Many of these changes are

indicative of shifts in myosin isoforms (developmentally regulated

subtypes of enzymes) and, as such, reflect changes in gene expres-
sion.

These changes, in turn, depend largely upon neural input and

are a good example of cell-cell interactions in development. Many

aspects of the motor nervous system are immature at birth, and the

postnatal maturation of the neuromuscular junction involves func-

tions and activities such as recognition and stabilization of synap-

tic units (neuromuscular junctions) at levels ranging from com-

petition among terminals from different nerve fibers for the same

site, the differentiation and stabilization of acetycholinesterase

molecules and acetylcholine receptors, and the maturation of the

nerve and muscle, as well as of the transmission of a nerve im-

pulse, in lamina. In many species, muscle spindles and the afferent

feedback system are just becoming established at birth.
The muscle fibers themselves are still immature. Small num-

bers of new muscle fibers are still formed from myoblasts in the

early neonatal period. The proportion of satellite cells, which are

precursor cells for muscle fiber growth, drops from about 33 per-

cent at birth to 4 percent at maturity. The muscle fibers grow in

length by the terminal addition of sarcomeres (protein contractile
units) and, in cross section, by the formation of new bundles of

contractile filaments. The capillary vascular bed (small blood ves-

sels) around a muscle fiber becomes more or less dense according to

the differentiation of the muscle fiber. Metabolic properties of the

muscle also change as the muscle fiber differentiates and undergoes

functional specialization. At a higher level, the development of the
internal connective tissue framework and the location of tendinous

attachment to the bone are coordinated with the growth and func-

tional environment of the tissues surrounding the muscle.

Changes of similar complexity accompany the postnatal de-

velopment of most other organs, but in the interest of brevity,

only those developmental steps that might be especially sensitive

to the effects of microgravity will be outlined here. On the basis
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of what is known about postnatal muscle development, several
aspects would be very sensitive to the effects of microgravity. Be-
cause of the normally continuous impulses between the muscle and
the central nervous system, the development of postural muscles,

such as the soleus, would be expected to be most noticeably af-
fected. NASA research involving the tail suspension model in rats
has shown that the soleus muscles are subjected to severe atrophic
changes when gravity loading is removed.

The skeletal system, like muscle, is exceptionally sensitive

to microgravity in the adult, and certain aspects of postnatal
development could be equally sensitive. The general pattern of
the skeleton is genetically determined and is laid down early in

embryonic development, but many of the finer anatomical features
of the bones and joints reflect the mechanical environment in which
they develop. Many of these effects may be mediated through
the electromechanical properties of bone and are manifested by

the deposition and resorption of bone. Attention should be paid
to the formation of the trabecular patterns in normally weight-

bearing bones, as well as to the functional morphology of ball
and socket joints. Of particular importance is the potential for
mechanical problems when skeletons that have developed in space

are subjected to a steady gravitational environment.
The role of connective tissues and fascia of the body in cop-

ing with gravitational stresses and the role of gravitational forces
in shaping the connective tissues are poorly understood at best.
Although the adult connective tissues are virtually ignored by
contemporary developmental biologists, they are among the first

tissues to react to mechanical stresses and are important as medi-
ators of mechanically generated morphogenetic phenomena. One

of the more obvious examples is the role of tendons and ligaments
in the shaping of normal bony processes.

The cardiovascular system and the fluid compartments of the
body, in general, are normally adapted to life at 1 g. Certain
components of the blood, vascular, and the lymphatic systems

are constructed to facilitate the movement of blood or lymph in
a direction that is opposed by gravity. Structural adaptations,

such as the valves of venous or lymphatic channels, are specifically
designed to prevent fluid reflux under normal gravitational condi-

tions. The pronounced fluid shifts to the head that are commonly
experienced by people in space provide ample evidence of the role

of gravity in the fluid dynamics of the body.
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Thedevelopmentalphysiologyof controlof bloodpressureis
a potentially rewardingfield. Thefunctionaldevelopmentof the
carotidsinusisofinterest.A developmentalquestionthat couldbe
easilyansweredis theroleof gravityin theformationofvenousand
lymphaticvalves.Onewouldmerelyhaveto observethestructure
of veinsandlymphaticsof rodentsraisedfrom embryosin space
for ananswerto that question.Lossof cardiacmassandpossible
fibrosishavebeensuggestedaspotentialnegativeadaptationsto
life inspace.Similaradaptationsmightoccurduringdevelopment.
How,or if, thesewould relateto the growingheart, would, for
example,a cardiovascularsystemthat maturesin microgravity
havea reduced capacity? Could the system adapt to terrestial
conditions?

One effect of spaceflight is a significant reduction of red blood

cell mass. In adults, the adaptation involves, among other mech-
anisms, a reduction in erythropoiesis or red blood cell formation.

This is one of the more active postnatal developmental systems.
The regulation of erythropoiesis in animals raised in microgravity
poses several intriguing questions.

Many aspects of neural development continue after birth. The

general developmental problem is whether there is a well-defined
time during which certain structural and functional aspects of sen-

sory systems must be set into place. A major function of postural
systems is to allow animals to stand in the face of gravitational

forces. Postnatal maturation of the motor nervous system was
discussed along with muscular development, and the vestibular

system is being treated in depth in Chapter 4. Suffice it to say
that the ability to compare the development of postural control
in the presence or absence of gravity opens up new and exciting
possibilities.

Scientific Goals

1. To determine whether postnatal development is normal in
microgravity, with particular emphasis on development of the mus-
culoskeletal, cardiovascular, nervous, and reproductive systems.

2. To determine if the organ systems referred to above that

have developed in space are able to function normally after return
to a 1-9 environment.
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Scientific Objectives

1. To assess the specific effects of microgravity upon specified

mammalian structures and functional systems.

2. To monitor the effects of return to 1 g on animals that have

undergone development in space.
3. To establish whether mammals can successfully suckle in

space during the preweaning period.

Measurement requirements

1. These various scientific objectives could be addressed by

making simple observations of carefully controlled "normal" ani-

mals maintained in microgravity. Systems that are found to de-

velop abnormally should be the subject of further experimental

analysis. The structure and functional systems that should be

examined carefully are: (1) the postural muscles, (2) muscle spin-

dles, (3) weight-bearing bones and joints, (4) intervertebral discs,

(5) the architecture of the connective tissues to the body, (6) the
structure of blood and lymphatic vessels and the heart, (7) the

development of control of blood pressure, (8) red blood cell pro-

duction, (9) late-developing components of the central nervous
system, especially those components related to coordination and

balance, (10) the development of circadian (daily) rhythms, and

(11) the development of the reproductive cycles. Specific features
of these systems that are likely to be sensitive to microgravity

effects have been described in the previous section.

2. There are two primary reasons why animals that have

undergone early development in space and returned to 1 g should

be closely monitored. (1) Developmental deficiencies might be

more clearly manifested in a 1-g environment, and (2) adaptation

to 1 g of such animals could result in injury, such as stress fractures

or muscle degeneration, that would have to be repaired by healing

or regenerative processes.

As in previous sections, the methodology required to carry out

the studies for objectives 1 and 2 would involve visual observation

of living animals and the fixation of specific tissues and organs at

appropriate times for subsequent visual, microscopic, and histo-

logical examination. As an adjunct to these morphological studies,

on-board measurements of some parameters (e.g., blood pressure)
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in living animals as well as photographic techniques to study be-

havior and allow visual monitoring of organ function (e.g., limbs)
would be useful.

While investigating many of the problems and processes men-

tioned above, one must be cognizant of the potential impact of
other secondary factors that could influence the results or the in-

terpretation of these results. Of prime importance is nutrition and
altered dietary requirements of animals subjected to the stresses
of spaceflight, including the microgravity environment. Altered

patterns of hormonal secretions and biological rhythms may also
be variables that must be considered when animals in space are
compared with their terrestrial counterparts.

3. Nutrition poses a special problem for very young postnatal
animals, which have critical and often rapidly changing nutritional
requirements. In mammals, it must be established that they are

able to suckle properly during the preweaning period. If this proves
to be a problem with standard laboratory rodents, it might be
worthwhile considering marsupials, in which there is a firm bond
established between the newborn individual and the maternal teat.

Even if the mechanical act of suckling proves to be successful, it
is important to ascertain that the quantity and the quality of the
maternal milk are appropriate and comparable with that of earth
controls.

Newborn birds would not be subjected to the potential prob-
lems of obtaining nutrition from maternal milk, but they, too,
could be subject to nutritional disturbances resulting from altered

requirements. Even on earth, poultry raisers change the formula
of the diet of young birds at different times for optimal growth
and development. In space, nutritional requirements would have
to be carefully studied.

A good example of a potential nutritional problem is calcium
intake. Should the calcium content of food be higher in both birds
and mammals in light of the greatly altered calcium dynamics in

microgravity? Mammals could pose a special problem--would ma-
ternal milk in microgravity contain a higher or lower concentration
of Ca 2+ than normal?

In mammals, the effect of spaceflight upon other components

of maternal milk, e.g., growth factors and antibodies, could be a
critical variable. It might be necessary to study the composition

of milk formed by spacebound lactating females. Another option
would be artificial feeding with milk of known composition.
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Fromthe practicalstandpointit wouldbeusefulto separate
problemsof the sort outlinedabovethat aredueto microgravity
fromthosethat aredueto thegeneralenvironmentofspaceflight--
includingstressfrom takeoff,vibration, andsoon. Theextent to
whichtheseneedto be investigatedin the contextof this section
dependsuponthe degreeof precisionrequiredin the analysisof
the effectsof spaceflightuponpostnataldevelopmentalevents,in
general.This is likely to vary considerablydependingupon the
natureof theproblem.

DEVELOPMENT OF PLANTS

Results from both Soviet and American experiments show that

cytological abnormalities have been encountered frequently in var-
ious organs examined from plants grown in spacecraft. In many
instances, the anomalies seem to have arisen from adverse growing

conditions, especially water stress; but in some experiments the
effects have probably been attributable to the space environment.

Clearly for the short term, it is of the greatest importance to in-
vestigate this further, since the competence for executing normal
mitosis, meiosis, karyokinesis, and cytokinesis is a prerequisite for
long-term growth of plants in space. Moreover, the influence of

microgravity on the fundamental processes of orderly replication
of genetic material and increase in cell number must be estab-
lished before other experiments on growth, organogenesis, and

development can be interpreted fully.
Current research in the developmental biology of higher plants

in space can be focused on the following questions: (1) How do
the meristems function to produce the differentiated tissues and

organs of the plant. (2) How does a cell within the plant grow
in an oriented way along a preferred axis and then differentiate
as one of the approximately 12 cell types that constitute a higher

plant?
To determine the way in which terminal meristems of the plant

function, investigators traditionally have examined the following

questions: (1) Does the meristem contain permanent or persistent
initial cells that are the progenitors of all cells in the organ? (2) If
initial cells exist, what is the lineage relationship between them and
the derivative structures? These questions have been addressed in

ground-based studies by application of the techniques of histology,

cytochemistry, cell cycle time determination, mutagenesis, and
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clonalanalysis.Fromthesestudies,it is clearthat from oneto
manyinitial cellsoccurin the meristemof differentspecies,that
they may be permanentand persistent,that they neednot be
continuouslymitoticallyactive,andthat the lineagerelationships
aresufficientlypreciseto bespecifiedin a predictablemanner.

Theprincipalanalyticapproachusedto determinehowthecell
wall specifiescell growthandshapehasbeento examinegrowing
cellwallsby avarietyof light or electronmicroscopicprocedures.
Thesehaverevealedthat the positionand axis of the mitotic
spindlearedeterminedby the orientationof a preprophaseband
ofmicrotubules(mt),whichalsodeterminesthepositionofthenew
cellplate.Microtubulesorientationalsodeterminestheorientation
andspacingof thecellulosemicrofibrils(mf) that aretheprincipal
strengtheningcomponentsin the cellwall. Orientationof the mf
specifiesthe axisof growthof the cellasit enlarges.

A varietyof possibletest systems,makingdifferentdemands
for in-flight facilitiesandrequiringdifferentdurationsfor thecom-
pletionofacycleofobservation,isavailable.Forexample,suitable
materialfor the studyof somaticcytologywouldbeseedlingroots
of barley,amonocot,andthoseofcornandoat,whileotherplants
wouldbe requiredfor studieson reproductivecytology.Studieson
cleavageplanes,cell growth,andwall morphogenesismaybeper-
formedbeston yet otherplant species.Two plants, Arabidopsis

thaliana and Azolla (A. filiculoides and A. pinnata), are especially
attractive. They have been used to obtain much of the current re-

sults on plant development, and there is good baseline data for
these species. They are both small plants with rapid growth cy-
cles. The result is that much can be learned on short-duration

flights, and the effects of microgravity on single life cycles and

on multiple generations can be explored on longer flights. These
species can be viewed as "model systems" to obtain initial data on

possible effects of microgravity on the several questions concerned
with plant development.

Arabidopsis grows 10 to 30 cm tall, has a life cycle of about

35 days, is self-fertile, and produces up to 40,000 seeds per plant.
Its genome is the smallest of any flowering plant and only 20 times
that of E. Coli. Many morphological and biochemical mutants

have been isolated and mapped to the five linkage groups. Ara-

bidopsis can be regenerated from protoplasts and transformed by
DNA introduced into cells by the Ti plasmid of Agrobacteriurn
tumefaciens associated with crown gall tumors.
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Azolla is a floating water fern that produces roots from the

lower surface of its horizontal stem. Each root grows to a length

of about 5 cm. All cells in the root are derived from a single

tetrahedral apical cell. There is a precise lineage relationship

between the apical cell and the derivatives, and a narrow range of

total cell number in the root (about 15,000). It should be pointed
out that the attractiveness of Azolla as outlined above is minimal if

a floating water fern cannot be cultured properly in microgravity.

In such cases, the ground fern onoclea might be considered, but

additional earth-based experiments would be required to provide
baseline data.

Scientific Goals

1. To determine how meristems function to produce the cells,

tissues, and organs of the plant.

2. To determine how cell shape, which in the absence of cell

movement is the basis of organ shape, is determined.

Scientific Objectives

1. To examine the effects of microgravity on plants raised in

space for at least one and preferably several life cycles.

2. To establish whether a specific level of gravity and/or other

orienting forces is needed at any stage in the normal development

and morphogenesis of plants.

3. To study the sensitivity and responsiveness to gravitational

forces at various levels of plant organization (isolated cells, tissues,

organs) and at various developmental stages.

Measurement requirements

Progress in this field requires the identification of appropriate

species and experimental methods. Some of the criteria for choice

of species are small size, predictable pattern of development, and

availability of mutants. Promising techniques include x-ray muta-

genesis for clonal analysis, antibodies, recombinant DNA technol-

ogy, and Ti-plasmid mediated gene transfer.

Prolonged growth in space, through at least one and prefer-

ably several life cycles, should be examined as soon as possible.

Effects may be cumulative over several generations. The U.S.S.R.

seed to seed experiment with Arabidopsis began with a seed that

had developed in a 1-g environment. Ground-based studies on
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root development have already provided an adequate base of data,
so that microgravity effects on cell lineages could be determined
at this time. Additional baseline data on organ development in

Arabidopsis at 1 g would be needed if the initial experiment in
a microgravity environment indicated effects on cell division, cell
wall formation, or growth. The required ground-based observa-
tions would include clonal analysis of the Arabidopsis shoot using

variegated color mutants, lineage analysis of root development,
and comparison with Azolla. To analyze the potential role of mi-
crotubules in the developmental processes referred to above, it

should be possible to alter the amount and availability of tubulin
by introducing additional tubulin genes into Arabidopsis. Such
transformed plants could also be examined under microgravity
conditions.

The above experiments should be capable of demonstrating
the extent to which higher plant development is affected by the

absence of gravity cues. A question of particular interest is whether

plant cells require a specific level of gravity and/or other orienting
forces at any stage in morphogenesis or development. Thus, while
plant cells can respond to gravity cues, must they respond? What
constitutes the minimal gravimorphogenetic responsive unit? Can

single isolated cells behave in a gravimorphogenetically responsive
way? It may be that the degree of sensitivity or responsiveness
varies at different levels of organization or stages of morphogenetic
complexity.

This could be studied by the use of a variable gravity cen-
trifuge in space. The minimum gravity force required for normal
development can be determined, as can the threshold force needed
to produce any detectable response.

All stages of the life cycle of Arabidopsis are amenable to ex-
periments of this type. Because it can be grown as a tissue culture

and made to regenerate entire plants, and because its reproductive
development can be described in precise terms, this plant may be
a model system. The results of these experiments should indicate

the extent to which mitosis, meiosis, and cytokinesis are depen-

dent on gravitational cues, whether the precise pattern of early
divisions of the embryo are subject to alteration, and whether cell

wall structure and composition are altered when the gravitational
environment is changed.
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DEVELOPMENTAL GENETICS AND

RADIOBIOLOGY

The field of developmental genetics has as a goal, an under-

standing of the role of genes in the ontogenic process. Put another

way, we would like to understand how the linear information en-
coded in DNA is translated into the three-dimensional structure

of the adult organism. Two overlapping types of investigation are

in progress. The first is an analysis of those genes that appar-

ently regulate development directly. The second is the manner by

which genetic information is expressed (regulated) in the proper

temporal and spatial pattern in ontogeny.

The process of development is studied through those genes

that control ontogeny as it happens as well as those genes that
function to maintain the final adult form or the determined state.

There are at least three forces present in the space environment

(or that act during lift-off or reentry) that might affect normal

development and the genes that regulate the process. These are

gravity (both hypergravity and hypogravity), vibration in lift-off,
and radiation.

There is, at present, no obvious need for space experiments

focused on developmental genetics. Perhaps, once we better un-

derstand the role(s) of genes in ontogeny, we can ask the more

complicated questions about altered environments and how they

affect gene regulation. However, if long-term survival and colo-

nization are a goal of the space program, then an eventual un-

derstanding of the effects of the space environment's impact on

developing systems at the level of the gene and gene function is
essential.

Aside from microgravity, the other aspect of the space environ-

ment most likely to affect gene structure and function is radiation.
The radiation environment in space includes gamma rays and x

rays, galactic cosmic rays, solar flare particles (SPEs), and trapped

charged particles of the radiation belts. This radiation includes

low and high linear energy transfer (LET), high charge and en-

ergy (HZE) ionized particles, protons, and neutrons. In addition,

there will be secondary radiation such as proton recoils, neutrons,

bremsstrahlung (x rays secondary to electrons interacting with

nuclei), and other products of the interaction of primary radiation
with spacecraft materials. Finally, there will be trapped electrons
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from high-altitude nuclear tests as well as gammas and neutrons
from on-board power sources.

The radiation environments are sufficiently different at the
various altitudes that it is very difficult to discuss them as one en-

tity. For example, in low earth orbits (LEO), such as are proposed
for the Space Station, orbiters at altitudes of about 450 km will be

exposed to geomagnetically trapped protons. Trapped electrons

and the secondary bremsstrahlung will dominate the exposure in
missions in geosynchronous orbit (GEO). Beyond the magneto-

spheres the radiation environment consists of galactic cosmic rays
of high energy. Galactic cosmic rays are primarily protons with a

contribution from helium and heavier ions. The exposure to heavy
ions and the radiation in solar particle events (SPE) is influenced

markedly by the degree of shielding by the magnetosphere. In the
Space Station orbit the geomagnetic field provides shielding and

SPEs will not add significantly to the radiation. In contrast, SPEs
are of concern for missions in polar orbit and GEO. The impor-
tance of SPEs increases in the free space radiation environment
and becomes a determining factor in the design of craft and in the
planning for extended flights to other planets.

Previous studies have mainly focused on the effects of radia-

tion in space on DNA stability. A number of studies using a variety
of organisms have shown that spaceflight can cause an increase in
mutation rates due in large part to effects of increased radiation

exposure. The genetic risk, particularly the excess incidence of

dominant mutations expressed in the F1 generation induced by
the low linear energy transfer (LET) radiation in low earth orbits,
is considered to be low. Because of the relative biological effective-
ness (RBE) of high-LET radiation, these radiations have a greater

effect than low-LET radiation, but the contribution of high-LET
radiations to the total dose in low earth orbits is small.

The putative effects of high-LET radiation on the fertility of
parents (e.g., gametogenesis) could be significant. For example,
the RBE for neutrons lies between 10 and 40, meaning that even

small neutron doses become magnified in their contribution. Thus,
Chinese investigators reported that low-level chronic x-irradiation

(RBE = 1) at a dose rate of 0.15 to 0.8 tad/day rendered Rhesus
monkeys aspermatogenic after 36 months of treatment. For com-

parison, the results from the Skylab missions indicate an average
daily exposure of about 50 to 90 mrads/day with a small high-
LET radiation component. The approximately 2 rads of high-LET
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radiationof 20 to 40RBEwouldleadto almostanorderof mag-
nitude moremutationsper gametethan the equivalentlow-LET
radiation.

Therearetwokindsof concernsaboutheavyions.First, HZE
particlescanpenetratetissuesandkill cellsthat arein theparticle
track corepathby actingessentiallyasmicroneedles;theparticle
trackcorehasadiameteraslargeas50A. Thesemicrolesionspose
a specialrisk to nondividingcellssuchasneuroblaststhat must
migrateto thecerebralcortexduringaspecificpoint in embryonic
development,or to stemcell populations,e.g., the hemopoietic
systemand to proliferatinggametes.Very little informationon
the effectsof high-LET heavyionsonembryonicdevelopmentis
available.

Second,it hasbecomeincreasinglyclearthat high-LET ra-
diation,especiallythat from heavyions,is carcinogenicalthough
the relativecontribution to risk is not clear sincethe RBE for
cancerinduction is undetermined.Most data for dose-response
relationshipsfor the induction of cancerby high-LET radiation
havebeenobtainedby exposingrats or miceto fissionneutrons.
However,recentexperimentshavestudiedtheinfluenceof LET on
tumor inductionusingtheheavyion facilitiesat LawrenceBerke-
ley Laboratory. Preliminarydatasuggestthat the RBE to LET
relationshipfor cancerinductionplateausat 100to 200keV/_m
ashasbeenseenfor other endpoints.Further, irradiation with
heavy ions of iron, the predominantHZE particle in space,is
highly carcinogenic.Thesestudieshaveobviousrelevancefrom a
developmentalviewpoint,sincethey relateto the questionsthat
concernthe stability of the determinedstate.

ScientificGoals

1. To determine the effects of the radiation environment in

space on the stability of DNA.
2. To determine the effects of radiation in space on both game-

togenesis and development, with particular emphasis in the latter
instance on effects on tissue and organs in which differentiation
depends on the integrity of stem cells or the integrity of migrating
but nondividing precursor cells.

3. To determine the effects of radiation, especially the high-

LET radiation from the heavy ions, on the frequency of malignant

transformation in cell populations.
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Scientific Objectives

1. To measure the specific effects of radiation versus gravity

on genomic stability and appearance of aberrant cell lineages over

several generations of representative organisms.

2. (a) To investigate whether high-HZE radiation enhances

the probability of malignant transformation.

(b) To establish an extended program of research into the

effects of heavy ions on developmental events.

Measurement requirements

1. If the effects of radiation are to be determined, any effects

of microgravity must be controlled. On the other hand, if gravity

is the variable, the experiments must be radiation-shielded. This

would seem to be a fairly elementary requirement; however, much

of the past experimentation in this area has lacked the proper

controls, and the interpretation of the results obtained is there-

fore clouded by uncertainty. Due in some part to flight duration,

multigenerational data have not been obtained in the past. It

is necessary to determine the effects of genomic alterations over

several generations since the results of these changes will not be

revealed until they have had a chance to segregate in the germ

cells. Additionally there are gene products that function to regu-

late important early embryonic events such as cleavage patterns.

However, the time of action (transcription) of the gene occurs dur-

ing organogenesis. The impact of the space environment on these

maternally expressed genes has not been assessed. The necessity

to have several generations grown in space can be met by choosing

the proper organisms and cell culture systems. Two particularly

suitable organisms are the fruit fly Drosophila melanogaster and

the freeliving soil nematode Caenorhabditis elegans. Both of these

organisms have the advantage of an excellent repertoire of genetics,

including a number of mutations affecting a variety of ontogenic

processes. The nematode, as pointed out earlier, has the added

advantage of being a normally self-fertilizing hermaphrodite, a

fact that obviates many of the problems associated with mating in

a zero-gravity environment. The life cycle is short (2 days), and

the entire cell lineage from zygote to fertile adult is known. The

organisms show a highly ordered mosaic pattern of development,

and any perturbations can be quickly assessed by alterations in

adult morphology and/or behavior, and the proximate cause can
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be traced back through cell lineage of the defective organ(s). This
approach can be further augmented by the observation of devel-
oping worms to find if the observed defects can be associated with

a particular abnormal event in ontogeny. This type of experimen-
tation in the vehicle itself will require that an individual capable

of making the observations be included in the crew. Therefore,
either a scientist familiar with the organism(s) or an individual
trained in a laboratory working with the experimental material
will be necessary, as well as the requisite culture conditions and

microscopes.
2. The observation that high-LET radiation, especially that

from HZE particles, enhances the probability of malignant trans-

formation should be the subject of additional experimentation.
Several questions need to be addressed, including (1) the RBE to
LET relationship for transformation, including additional studies
to document observations indicating that RBE is higher at lower

doses, (2) the ability of cells to repair lesions induced by heavy
ions, and (3) the mechanism(s) of heavy ion-induced cell trans-
formation. At the outset, additional ground-based experiments
such as those currently being conducted at the Bevalac facility

should be continued and extended using both animal and cultured
cell systems. Such studies should be extended to include research

on effects of heavy ions on developmental events, such as gameto-

genesis, and effects on crucial nondividing cell populations, such as
in the central nervous system. Dose-response relationships could
be established for production of developmental lesions at the same

time that experiments on tumor induction are performed if preg-
nant animals are utilized. Currently, such baseline information
does not exist.

SUMMARY AND RECOMMENDATIONS

We return to the two questions, raised in the introduction,

that have influenced the committee's overall discussion. (1) Can
organisms undergo normal development under conditions of the
space environment, or are there phases of development that are so

abnormal as to preclude the progression through multiple genera-
tions? (2) Does the unique environment of space provide a tool to
study specific developmental phenomena better than, or exclusive

of, similar studies that could be carried out in ground-based exper-
iments? The committee's conclusion is that insufficient evidence
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existsconcerningthe developmental capacityof any organism in

the environment ofspace to be ableto providea definitiveanswer

to eitherquestion.Thus, in what follows,a seriesof experiments

ispresentedthat willdetermine whether or not the fieldofdevel-

opmental biologyhas a placein the long-termstrategyforspace
research.The committee'sbiasat the outsetisthat most of the

eventsassociatedwith fertilizationand earlyembryogenesis,with

the possibleexceptionofthoseformammals, willbe unaffectedby

the microgravityenvironment ofspace.Itappears alsolikelythat

the major eventsof orgartogenesiswillbe immune todisturbances

by the microgravityenvironment. Conversely,postnataldevelop-

ment representsan area in which the potentialfor major effects

can be visualized.In allcases,however, thesekinds ofpresump-

tionscan be testeddirectlyonlyby flyingthe initialrudimentary,

largelyobservationalexperiments.

The committee cannot overemphasize the necessityof per-

forming stateof the art ground-based experimentsbeforeunder-

takingexperimentson eitherthe Space Shuttleor the Space Sta-

tion. In some cases,such experiments might preclude the need

to do space research.For example_ clinostatstudies,while only

providingequalizationof the gravityvector,neverthelesscan be

usefulas predictorsof possibleeffectsof weightlessnesson de-

velopmental phenomena. More generally,however, there isthe

need for additionalground-based experimentationon basicbio-

logicalor biochemicaleventsthat have obvious directrelevance

to ultimate studiesconducted in space. For example, differenti-

ation of the vestibularapparatus during development isan area

of investigationthathas obviousrelevanceto the space program.
Similarly,basicstudieson calciummobilizationand the processes

ofbiomineralizationusing model systems would be extremelyuse-

ful. Continued ground-based researchon cellwall growth and

meristem differentiationinplantsisusefuland necessary.Studies

on the potentialeffectsofHZE radiationon the development and

differentiationof specificstructuresusing accelerator-generated

particlesshould be encouraged.

Because of limited availability of research space and the overall
cost, the highest priority for ezperiments actually conducted in
space should be devoted to studies on "model organisms _ designed

to answer the question: Can development from fertilization through
the formation of viable 9ametes in the next 9eneration occur in the
space environment?
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2"he committee recommends that two representative inverte-

brate species be flown under conditions in which fertilization occurs
in the microgravity environment of space. One organism should be
a marine invertebrate, and the sea urchin appears best suited for

this purpose. The development of sea urchin eggs exhibits both
regulative and mosaic development, the cell lineage of each major

differentiated tissue and organ is known, and tissue-specific genes
have been identified. In addition, the formation of a calcium-based

internal skeleton provides the opportunity to study microgravity
effects on biomineralization. The other organism is a land-based
soil worm (nematode), Caenorhabditis elegans, whose development
is highly mosaic. This organism has the advantage of small size,
short life cycle (3 days), and a small genome. It is hermaphroditic,
the genetics are well analyzed, and the adult animal has a constant
and relatively small number of cells; the cell lineage of every or-

gan system is worked out. Thus, any developmental abnormalities
arising over several generations can be pinpointed as to in which

cell(s) and when during embryogenesis a defect arose.
The committee recommends that two representative nonmam-

malian vertebrates be subjected to the microgravity conditions of
space. Amphibians would represent a logical choice as one rep-
resentative. The South African Frog, Xenopus laevis, has been a

favorite organism for study by developmental biologists for years.
Studies on the embryology of Xenopus eggs and embryos are well
known, and the eggs respond to gravity by establishing dorso-

ventral polarity. An avian species would be a good choice as
the second representative, largely because organogenesis in these
homiothermic animals is very similar to mammalian organogen-
esis. Further, postnatal development may be studied most effi-
ciently using avian eggs. Avian eggs also are known to respond to

gravity in the establishment of initial axial polarity. From a prac-
tical viewpoint, some additional ground-based experiments may

be required to establish ideal fixation conditions inside the shell.
The committee recommends that a representative mammal be

placed into the environment of space for a time sujficient to deter-
mine if early embryogenesis and organogenesis as well as postna-

tal development can occur normally. Ideally, such an experiment
would require 3 to 4 weeks, assuming that pregnant mice were
flown at the outset. The use of mice has the additional advantage

that a variety of strains exist that are both sensitive and resis-
tant to alterations of specific developmental events. Cleft palate
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formationis just onesuchexample.Correlatedwith the type of
study impliedabovewouldbea"reproduction"studyto determine
whetheror not animalscancopulatein spaceaswell aswhether
ovulation,fertilization,andimplantationarenormal.

The committee recommends that at least one plant experiment
be flown in which seeds are required to germinate in space and the ex-
periment is of sui_eient duration to allow production of seeds. The
potential for experimentation provided by both Arabidopsis and

Azolla is impressive. Both plants are small with rapid growth cy-
cles. A rabidopsis has a small genome size and many morphological
and biochemical mutants have been identified; it is transformable,
providing the possibility of inserting foreign genes. Azolla is a
floating water fern that produces roots from the lower surface of

its horizontal stem, and, as pointed out earlier, the pattern of cell
division is unique, allowing precise lineage studies. Thus, devel-

opmental abnormalities can more readily be pinpointed to specific
cells and developmental time.

The committee concurs with the earlier report Life Beyond
the Earth's Environment (NAS, 1979) that studies in genetics and
in cell and molecular biology need not be performed in space,
at least not for the near future. Many of the questions posed
in the preceding pages concerned with developmental phenomena
include, of course, questions of obvious relevance to the field of

cell biology. Aberrant patterns of chromosomal segregation would
have obvious developmental effects at some point. Similarly, cy-
toskeletal defects and unusual patterns of cytokinesis would have

obvious impact, especially in the mosaic eggs and embryos men-
tioned above. Thus, such abnormalities, if they occur, would be a
natural result of studies on model organisms.

Finally, the committee recognizes the need to perform additional
ground-based experiments on the effects of high-LET radiation both
on the development of specific tissues and on cell transformation.

Sources that provide neutron radiation would provide baseline
information relative to both areas of investigation. However, it is
especially important to obtain baseline data on the relative effects
of HZE particle irradiation.

There will be those who contend that the examples suggested
above may not be inclusive enough to answer the major questions
posed earlier. In this case, the committee can only reaffirm the

position taken by other study groups--that it is not necessary,
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nor even possible, to conduct all combinations of biological exper-

iments in space. The committee believes that, given the present

state of knowledge, it would be best to concentrate on the planning

and execution of a small number of well-chosen experiments.
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Gravitropism in Plants

INTRODUCTION

The observation that "roots grow down and stems grow up"
cloaks a problem that is simple in concept, but complex in detail.

Like most generalizations, this description of the reactions of plant
organs to the force of gravity is not strictly true, for some stems,
such as underground rhizomes, grow horizontally, while others,
such as the branches of a tree, grow at a fixed angle to the vertical.

Similarly, prop roots of corn grow downward at a 45 degree angle
from the vertical, branch roots usually differ in their orientation
from main roots, and some mutants are completely agravitropic.

To make matters more complicated, these behaviors need not be
fixed. A tree branch growing obliquely will grow straight upward

if the apical bud is cut or removed. Even from these few examples,
one can conclude that gravitropism, the curvature of a cylindrical
plant organ in response to a gravitational force, is determined by

genetics and development and is controlled by physiology.
It is customary to dissect gravitropism into partial reactions,

including perception of the force of gravity by specialized cells,
transduction into a physical or chemical event within the cells,

transmission of a signal from the region of perception to the region
of response, and finally the differential growth response on the two
sides of the cylindrical plant organ that leads to curvature. The
response involves extension of already existing cells, rather than
the creation of new cells by cell division.

62



63

The generally accepted scenario for plant gravitropism is

as follows: Certain cells, the statocytes, contain dense starch-

containing plastids or amyloplasts that sediment within several
minutes when the orientation of the plant organ is changed with

respect to the vertical. Since amyloplast displacement appears to

be the first step in the perception of the earth's gravitational field,

the plastids have been called statoliths. Amyloplast displacement
causes contact with other organelles within the statocyte, such

as endoplasmic reticulum, cytoskeletal components, or the plas-

malemma. A process triggered by the contact is probably the first

step in the transduction of the gravitational stimulus into a signal
that is transmitted to the growing part of the organ.

According to the classic Went-Cholodny theory, the signal is

the asymmetric distribution of the growth hormone, auxin. The

theory states that in vertically oriented shoots and roots auxin

moves longitudinally from the tip of the organ to the growing zone

in a symmetrical manner. Following placement of the organ in a

horizontal position, a lateral migration of auxin is superimposed

on the longitudinal transport so that the growth hormone will

accumulate on the lower side of the organ and be depleted on its

upper side. The accumulation of auxin is envisioned as increasing
the relative extension of the lower side of the stem and, hence,

resulting in its upward curvature. A rather ingenious argument

was presented as to why an accumulation of auxin on the lower
side of the root would result in its downward curvature. Little

evidence has been obtained for the argument, and it has been
more or less discredited. The main idea of the theory, that the

differential growth on the two sides of a gravitropically stimulated

organ is due to the asymmetric distribution of plant hormones,

has survived and has guided much of the research in the field.

This remains the case despite the fact that the hormonal theory

of plant tropisms has recently been challenged.

MAJOR SCIENTIFIC GOAL

The major goal of current research in plant gravitropism is the

attainment of understanding of the cellular and organismal pro-

cesses involved in the plant's detection and response to the earth's

gravitational field. The goal can best be attained by answering

questions about how the plant senses gravity, how this sensation

is transduced into a signal that can influence cellular growth, and
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how the signal can cause the differential growth of the upper and
lower halves of a plant organ that leads to curvature toward or

away from the earth's center. Subsidiary goals involve an un-
derstanding of why roots grow up and stems grow down and how

gravity interacts with light, other external stimuli, and endogenous
rhythms in determining the orientation of plant organs.

GRAVITY SENSING AND TRANSDUCTION

The Amyloplast as Gravisensor

The sensing of the earth's gravitational field by higher plants
most likely involves the sedimentation of a dense organelle, the
starch-containing amyloplast, within a specialized cell, the

statocyte. In roots, the statocytes are found in the root cap;
in stems they are usually distributed in the bundle sheath, a layer
of parenchymatous cells surrounding the vascular bundles. Sev-
eral lines of evidence point to amyloplasts as the gravity sensors
or statoliths of higher plants: when gravitropically sensitive or-

gans are changed in their orientation within a 1-g field, the large
amyloplasts located within the statocytes are the only organelles
that sediment rapidly. Mutant strains of maize with smaller or

less dense amyloplasts show a decreased gravitropic sensitivity. In

maize roots, surgical removal of the statocyte-containing root cap
abolishes gravisensitivity without inhibiting growth rate. Regen-

eration or replacement of the root cap restores gravisensitivity.
The excised tip can be gravistimulated; when it is replaced on the
unstimulated root, it induces curvature. Artificial displacement
of amyloplasts or sudden jarring causes curvature in a direction

determined by displacement of the amyloplasts, not the rest of the
cell. Depletion of starch from gravisensitive organs results in a

decreased sensitivity or, at least, a retardation of the gravitropic
response. Recovery of starch content in amyloplasts restores the
sensitivity.

It should be noted that in rhizoids of Chara, an alga-like plant,
similar statolith function is assumed by dense crystals of BaSO4.
This suggests the possibility that alternative statoliths could serve

the same function in higher plants if amyloplasts fail to develop or
are made to disappear.
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Characteristics of Amyloplasts and Statocytes

There are two kinds of amyloplasts, distinguished in terms

of size and number of starch grains. The larger, multigranu-

lar organelles usually contain eight or more grains; the smaller,

unigranular plastids have one or two grains. Multigranular amy-

loplasts are thought to be important in gravisensing since they,

unlike the unigranular variety, are readily moved by gravity and

are found in gravity-sensitive tissue. Amyloplasts are not merely

static, heavy particles that fall under the influence of gravity;

they contain DNA, RNA, thyalkoid membranes, and ribosomes,

as well as starch grains. Their sedimentation is blocked by 5

Ca 2+. They have a zeta potential of about -20 mV, and they

contain Ca 2+. The results indicate that the amyloplast is a dy-

namic organelle with the machinery necessary for transcription
and translation.

Statocytes from roots and stems contain 10 to 20 amyloplasts

per cell. Each amyloplast is 4 to 10 pm in diameter. In stems

and coleoptiles, the cells are elongate, contain one or several large

vacuoles, and exhibit vigorous protoplasmic streaming. Root cap

statocytes are isodiametric with many small vacuoles and show

particle saltations instead of streaming.

Dynamics of Gravity Sensing

Gravity sensing and statolith fall both occur within the pre-

sentation time and are amenable to the reciprocity law, gt -: k,

where g is the gravoinertial stimulus, t is the presentation time,

and k is a constant. Early estimates of the presentation time

were in the range of 5 to 20 min, but more recent estimates range

from 10 to 90 s. The threshold signal is 100 to 300 gravoinertial

seconds for oat coleoptiles and short periods of gravistimulation

can be additive. The effect of gravistimulation persists in gravity-

sensitive tissues for several minutes, even at low temperatures not

conducive to growth.

Transduction Mechanisms

The asymmetric growth patterns that result in gravitropic

curvature are presumably caused by the altered distribution of

amyloplasts within statocytes. There are at least three ways in
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which amyloplast displacement could be transduced into growth-
regulating signals:

1. Amyloplast motion. Since the organelle is negatively
charged, its movement through an electric field could generate
an electric current. However, it is unclear how movement per se

could result in a memory for tropistic stimuli that can last for
several minutes.

2. Contact of amyloplasts with cell components. Contact of
the amyloplast membrane with the endoplasmic reticulum, with
cytoskeletal components (microtubules or microfilaments), or with
the plasma membrane could lead to the exchange or release of ions

or to altered movement of hormones or other physiologically active
substances.

3. Deformation. Sedimentation of amyloplasts might apply

pressure to a region of the plasmalemma or internal membranes,
influencing phospholipid/protein packing, creating new protein
domains, and influencing enzymatic activity. But theoretical cal-

culations of amyloplast pressure yield values that seem too small
to account for a significant response.

The Clinostat As a Model of Microgravity

Before the advent of spaceflight, clinostats were used in an
attempt to simulate microgravity and prevent sedimentation of

statoliths. On a clinostat, the specimen is rotated about a hor-
izontal axis so that it has no fixed orientation with respect to
gravity. The result may be termed gravity equalization or grav-
ity compensation. Gravity is by no means abolished, and there

are mechanical effects that arise as the specimen is rotated. The
mechanical effects can induce the release of ethylene, a gaseous

plant hormone that induces growth retardation, stem thickening,
and upward or downward movements of leaf stalks, so-called nas-
tic responses. True microgravity can be realized on earth only

during brief periods of free fall or during parabolic flight maneu-
vers. Whether the clinostat is an adequate model of microgravity

will obviously depend on the phenomenon under study. The only
way to determine this is by empirical test; the results obtained
on a clinostat have to be compared with those obtained in orbital
flight. In those instances where both kinds of experiments have

been done, the results from clinostat experiments have yielded
results that are qualitatively similar to those observed in space.
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Scientific Objectives

1. 7"0 study the cytochemical and cytophysical characteristics of

amyloplasts, their developmental pathway, and their morphological

relation with other cellular components.

2. To understand transduction mechanisms by describing the

interactions of the amyloplasts with other components of the

statocyte and specifying the physical and chemical changes that

result from such interactions and lead to a gravitropic response.

3. To determine the adequacy of the cHnostat in simulating the

microgravity environment.

Measurement Requirements

1. Amyloplasts can be isolated by differential centrifugation.

Studies of the chemical and physical characteristics of isolated

amyloplasts, as well as their metabolic activities, should help us

understand their role in the regulation of statocyte function and

in the regulation of plant growth.

2. Because the mechanisms of transduction are so poorly un-

derstood, study of the interactions of amyloplasts with the other

organelles of the statocyte is important. The distribution of endo-

plasmic reticulum, cytoskeletal elements, and their relation to the

plasmalemma should be studied in statocytes from a variety of tis-

sues. The morphological relation of the amyloplast to these other

cytological elements should be compared in statocytes that are or

are not gravistimulated. These studies will require fluorescence,

as well as electron microscopy.

3. The effect of microgravity on statocyte differentiation and

organelle position requires investigation. Although a previous ex-

periment examined the ultrastructure of roots flown on the Shut-

tle, the plants were fixed for microscopy after they had returned

to earth. Thus it was difficult to assess the effects of landing and

return to 1 g on structure and organelle position. The experiment

should be redone with rapidly germinating seeds whose young

roots can be fixed in space. This would answer the question as to

whether amyloplasts and statocytes can differentiate under micro-

gravity to produce a final complement of organelles comparable in

quality and size to those of ground-based controls.

It would be important to compare organelle position in stato-

cytes from plants that have been centrifuged in space at 1 g with
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those that have experienced only microgravity forces. Ground con-
trols should include plants germinated and fixed with and without

clinostatting to help define differences induced by clinostatting
and by microgravity conditions.

4. Experiments on the range of gravity forces over which

reciprocity holds and the changes in presentation times under con-
ditions of microgravity would be of great theoretical interest. For
these experiments, coordinated studies in space and on the ground

would be needed and a regulated centrifuge would be required in
both locations. Here, again, a comparison between microgravity in
space and clinostatting on earth would be revealing. The simplest
organ to use is probably the oat (Arena) coleoptile, which can
be generated in 3 days and gives rapid and quantitative gravire-

sponses.

HORMONE MEDIATORS OF

GRAVITATIONAL RE SP ONSE S

The Role of Hormone Distribution

Gravity induces changes in the relative growth rates of the up-

per and lower sides of horizontally placed shoots and roots. The
changes may be as drastic as a complete cessation of growth on
the upper side of a shoot, together with growth stimulation on the
lower side. Since growth rate in plants can be hormonally con-

trolled, it is relevant to inquire whether changes in hormone levels
on the upper and lower sides are responsible for the growth cur-

vatures induced by gravity. First to be considered are coleoptiles,
the first leaf in the germination of grasses, where the hormonal
mechanisms of gravitropism have been most extensively studied
and are best understood.

Gravitropism in coleoptiles is achieved by the growth rate of

the lower side increasing and that of the upper side decreasing
by the same amount as compared to the growth rate of vertical

controls. As early as 1935, bioassays were used to estimate the
relative amounts of auxin that diffused out of the base of detached,

gravistimulated oat (Arena) coleoptiles. During the subsequent
50 years, this work was confirmed and extended. The effective
auxin was identified as indole-3-acetic acid (IAA). IAA is twice
as abundant on the lower side of a gravistimulated coleoptile as

it is on the upper side. The source of IAA is the apex, from



69

which it is transported in a basipetal (apex to base) direction.

When a coleoptile is laid on its side, a directed lateral transport,

from upper side to lower side, is superimposed on the basipetal

transport. This lateral transport is required for gravitropism, since

insertion of barriers preventing lateral movement also prevents

tropistic curvature. Other growth hormones may be involved.

The gibberellins (GAs) are a group of closely related substances

that are growth-promoting hormones. GA-like activity was found

to diffuse asymmetrically from gravistimulated corn (Zea mays)

coleoptiles. No evidence of a lateral transport of GAs has been
detected. The involvement of inhibitors on cell extension has

received too little attention to exclude their participation in the

gravitropic response.

The growth-regulating mechanisms underlying the gravitropic

response of roots is less well understood than in coleoptiles. Grav-

itropism requires the movement of growth regulators in a basipetal

direction from the root cap to the growing zone. IAA is found in

roots, it can become asymmetrically distributed if the root is grav-

istimulated, and it can cause curvature. Nevertheless, the role of

IAA in gravitropism is unclear since its transport is in an acropetal

direction, from the base of the root toward the tip. A growth in-

hibitor arising in the root cap and transported laterally from the

upper to the lower sides has been implicated. The involvement

of an inhibitor would explain the positive gravitropic response of

roots. A possible candidate is abscisic acid (ABA), which is a

generally inhibitory plant hormone. Quite recent evidence sug-

gests that another, as yet uncharacterized hormone may play an
essential role.

The growth-regulating mechanisms underlying gravitropism

in dicotyledonous shoots is not understood and does not conform

to the Went-Cholodny hypothesis. Gravitropism in sunflower (He-

lianthus annuus) involves a marked increase in growth of the lower
side and a cessation of growth on the upper side. In etiolated stems

of Cucumis sativus, curvature appears to be due to a cessation of

growth of the upper side with little change in that of the lower side.

The large changes observed in Helianthus seem inconsistent with

the small asymmetries of IAA found in this species. The growth

pattern in Cucumis does not conform to the Went-Cholodny hy-

pothesis, which envisions that the increased growth on the lower

side be matched by the decreased growth on the upper side. A

possible role for the gibberellins has been suggested. But recent
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work in which sensitive radioimmunoassays were used failed to
detect asymmetries in the distributions of IAA, GA, or ABA in

Helianthus stems after 2 h of gravistimulation, by which time a
substantial curvature had developed.

Gravitropism in grass nodes does not involve the redistribu-

tion of growth hormones from the upper to the lower sides. This is
convincingly demonstrated by the fact that growth can be induced

in half-segments that have been bisected longitudinally. Growth
occurs if the half-node is placed horizontally with the epidermis
directed downward. It does not occur if the epidermis is directed
upward or if the half-node is placed vertically. In addition, trans-

port studies indicate little polar transport. Nevertheless, in intact
nodes, there are asymmetries in the concentrations of IAA and the
GAs. To explain these results, it has been suggested that grav-
istimulation causes an increase in hormone concentrations on the

lower side, either by a transformation of hormones from inactive

to active forms or by an increase in their synthesis.
A stimulation of ethylene production has been observed in

plants exposed to clinostatting or if their static orientation with
respect to gravity is changed. This enchanced ethylene production,
which can inhibit elongation, may occur as a result of mechanical
stimulation imposed by gravistimulation. Elevated auxin levels

stimulate ethylene production, so the change in ethylene may be
secondary to auxin changes. There appears to be a close agree-

ment between the concentrations of auxin causing root curvature
and those eliciting ethylene production. Stimulated ethylene pro-
duction occurs in some systems before and in others after bending
is initiated.

If the gravitropism is causally related to altered hormone
distribution, then the first signs of hormonal effects should precede

the first signs of curvature. For most systems, critical data are
lacking.

Cellular and Molecular Mechanisms of Hormone Action

No plant hormone receptor has yet been identified or purified.
This is the largest single deficiency in plant hormone biochem-
istry. It has been suggested that auxins act in at least two ways.

(1) Auxin may activate a plasmalemmal ATPase that functions
as a proton pump, thereby promoting proton effiux from the
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cell, which would result in acidification of the extracellular me-

dia. This last effect may activate enzymes capable of hydrolyzing

wall polysaccharides to soften the wall and allow cell extension.

(2) Auxin can rapidly alter gene expression in a variety of organs

and organ sections, and it does so by acting at the transcriptional

level. The effects on protein synthesis may very well be similar in

cells whose ultimate response to the hormone may be quite differ-

ent. The initial events in hormone action that occur after receptor

binding, including the role of potential second messengers, are

poorly understood. It seems doubtful that the actions of auxin are

limited to those mentioned. A similar situation exists with respect

to the actions of other hormones. In animal systems, an under-

standing of the cellular and molecular mechanisms of hormonal

action has shed light on the physiological effects of hormones. The

same may be anticipated in the case of plants.

Scientific Objectives

1. To understand the cellular and molecular mechanisms in-

volved in the action of plant hormones.

2. To understand the role of the various plant hormones in

gravitropism.

Measurement Requirements

1. A vigorous ground-based research program is needed to
elucidate the cellular and molecular mechanisms of hormone ac-

tion.

2. Ground-based research is needed to study (1) how and when

hormone asymmetry is established during gravitropic curvature,

(2) which, if any, hormones are primary and which are secondary

in initiating gravitropistic curvature, and (3) how the hormones
act to promote growth and curvature.

3. Spaceflight experiments are needed to determine the ef-

fects of microgravity on the concentration of various hormones,

including auxin, the gibberellins, abscisic acid, cytokinins, and

ethylene. The Went-Cholodny theory postulates that there is no

net change in the total amount of auxin moving from the tip of a

tropistically stimulated stem or coleoptile, only a change in distri-

bution such that more hormone is transported to the more rapidly

growing, lower side. The theory would predict no change in the
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concentrationof indole-3-acetic acid (IAA) in a stem growing in

microgravity as compared to one growing in 1 g. The same predic-

tion requires testing in roots, where a growth inhibitor, rather than

auxin, may be the primary hormonal mediator. The influence of

microgravity on hormonal concentrations would also be of interest

in dicotyledonous shoots and grass nodes, where a lateral redis-

tribution of hormones apparently cannot account for the salient

features of gravitropism. Here gravity may alter the synthesis of
the relevant hormones or their conversion from an inactive to an

active form, so one might anticipate a change in concentrations as

a result of exposure to microgravity. A broad-ranged study of the

effects of microgravity should help to distinguish the mechanisms

of hormonal control in different kinds of plants and plant organs.

4. Spaceflight experiments are also needed to investigate the

influence of microgravity on the polar and nonpolar transport.

Polar transport is unidirectional, while nonpolar transport is bidi-

rectional. There is evidence that the rate of longitudinal transport
is influenced by gravity. The case is clearest for auxin, where the

transport is polar. Gravistimulation affects this transport, at least

in stems. Transport rates are greater on the lower, faster growing

side than on the upper, slower growing side. Hence, there is reason

to believe that microgravity may influence transport rate, if not

direction. The transport of other hormones, the gibberellins to cite

one example, is nonpolar. Appropriate space experiments could

determine whether microgravity affects polar transport, nonpolar
transport, or both.

5. Can one orient plants in space by asymmetric hormone ap-

plication? By light? Will such control have practical implications
for space horticulture?

NONHORMONE MEDIATORS OF

G RAVITATIONAL RE SP ONSE S

Three nonhormonal events--asymmetric H + efflux, asymmet-
ric Ca 2+ movements, and altered electric currents--have been

proposed to be involved in the transduction mechanisms leading

from the perception of gravity to the differential growth response.
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Asymmetric H + Efflux

Recent evidence suggests that gravistimulation results in asym-
metric acid secretion. In both roots and shoots, the efflux is greater
from the more rapidly growing side, that is from the upper sur-

face of roots and the lower surface of shoots. The magnitude and
kinetics of this phenomenon have not been determined with the
same precision as comparable measures of gravitropic curvature.
Nevertheless, observations made with pH-sensitive dyes indicate

that acid effiux is initiated in 30 min or so and that the secreting
surface has a pH below 5.3.

Proton (H +) secretion is closely related to auxin action. Acidic
solutions promote elongation to an extent comparable to that at-

tained in response to auxin. Acid pH stimulates the growth of
roots. Auxin induces H + effiux from stem and coleoptile tissues
and the enhancement of H + efflux precedes hormone-induced elon-

gation. Under appropriate conditions, concentrations of auxin that
promote growth also promote acid efflux, while concentrations of
auxin inhibitory to growth inhibit acid efftux. Furthermore, auxin

transport inhibitors can prevent asymmetric acid effiuxes in grav-

istimulated shoots and roots. These results can be explained if
auxin asymmetry produces gravitropic curvature by controlling
asymmetric H + concentrations. The possibility has already been
mentioned that auxin might stimulate a plasmalemma-bound pro-
ton pump and that the resulting acidification of the extracellular

media could facilitate the softening and elongation of the cell wall.

Asynm_etric Ca 2+ Movements

Gravistimulation results in an asymmetric distribution of
Ca 2+. In stems and coleoptiles, the ion accumulates on the more

slowly growing side, where it may inhibit growth. The Ca 2+
asymmetry is detectable within 10 min after the start of gravis-

timulation of oat coleoptiles and is, thus, rapid enough to play a
causative role in gravitropism. That this is the case is suggested

by the observation that application of calcium chelators to root
caps makes roots insensitive to gravity and that the sensitivity is
restored when the chelator is replaced with Ca 2+. Other evidence

that Ca 2+ gradients may be important in gravitropic responses can
be cited. (1) A Ca e+ gradient across the tip of intact or decapped,
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vertically orientedroots leadsto a gravitropic-likecurvatureto-
ward the high sideof the calciumgradient. (2) Ca2+movement
is linkedto auxinmovementin shootsandroots. (3) Calmodulin
is a Ca2+-bindingregulatoryprotein important in the mediation
of manyof the intracellularresponsesto calcium. Thecalmod-
ulin inhibitor, chlorpromazine,blocksboth gravitropismand the
lateral redistribution of calcium in oat coleoptiles.

The site of accumulation of Ca 2+ has been studied by the

use of an antimonate precipitation histochemical procedure. Ca 2+
was found to accumulate in the apoplastic region, the cell wall,
and intercellular spaces, in the upper, more slowly growing side
of oat coleoptiles. More recent studies in corn roots indicate an
accumulation in vacuoles of the upper, more rapidly growing side.

The last results are contrary to those observed in both shoots
and roots. There have been two suggestions as to how Ca 2+

might exert its growth-regulatory effects. (1) It might control
the efflux of acid by modulating the activity of a proton pump
or by participating in a coupled H+-Ca 2+ exchange or transport

system. (2) It might inhibit an enzyme involved in the H+-initiated
wall loosening. Ca 2+ redistribution is linked to auxin movement.
There is evidence that auxin movements affect Ca 2+ distribution

and that the reverse may also be true.

Electric Currents

The earliest signals induced by gravistimulation are electrical
changes of undefined origin. They have been observed in both
shoots and roots within less than a minute after the start of

gravistimulation. This is at least several minutes before the earliest
noted changes in Ca 2+ or IAA distribution. The electrical changes

may reflect gravireception or the earliest steps of transduction.
In stems, a transverse voltage asymmetry can be measured 1

to 2 min after gravity stimulation, especially in the region that
will ultimately bend most rapidly. This timing coincides with that

for the falling of amyloplasts in oat coleoptiles. In roots, depo-
larization of statocytes occurs within seconds after rotation of 45
degrees from the neutral position. Also, changes in the pattern of

electric currents around the primary root tip of Lepidium sativum
occur within 30 s after tilting the root to a horizontal position.

Coleoptile cells from corn (Zea mays) exhibit an electrical polarity
with respect to gravity whether they are oriented with their apical
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ends up or down. The electric potentials across the plasma mem-

brane of the lower part of the cells are about 2 mV more negative

than across the upper part, irrespective of cell orientation.

Sunanaary

Three nonhormonal events induced by gravistimulation have

been reviewed and their possible roles as transducers of differential

growth and their relation to growth hormones evaluated. The

asymmetric H + effiuxes, which may be particularly important in

regulating cell elongation, are likely to be the result of asymmetries

in the activity of auxin and possibly of other growth hormones.

The asymmetric Ca 2+ movements appear both to affect and to

be affected by hormone activity, but the biochemical mechanisms
that link the two of them are unclear. The electric currents, which

occur early during gravitropism, may be associated with reception
and the earliest events in transduction. These same mechanisms

are also important in the regulation of straight or nongravitropic

growth. Further study of these processes and their interrelations is

required to clarify the transduction mechanisms, which at present

are poorly understood.

Scientific Objectives

1. To understand the role of nonhormonal mechanisms in

regulating both gravitropic and straight growth.
2. To understand the relation between hormonal and nonhor-

monal mediators of growth.

Measurement Requirements

1. The transport of H + and Ca 2+ ions is important in the

regulation of both straight and gravitropic growth. Earth-based

experiments are needed to understand how the transport of these

ions is regulated and to identify the specific roles they play in

the regulation of growth. Observations need to be made at all

levels, including the intact tissue, the isolated cell, and subcellular

processes. Specific questions are: (1) What are the early kinetics

of Ca 2+ and H + asymmetric transports following a gravitropic

stimulus? (2) To what subcellular compartments and through

what pathways do these ions move between the onset of stimulation
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and the initiation of differential growth? (3) How is transport
affected by auxin and other growth hormones?

2. To relate ion movements in intact tissues to the asym-
metrical growth responses of gravitropism, we need a detailed

description of (1) the regions where differential growth occurs, (2)
the kinetics of the differential growth, and (3) the magnitude of
curvature as a function of time.

3. On the subcellular level, we need to learn more about basic
transport mechanisms that control ion movements across mem-

branes. Methods for studying these mechanisms by the use of
isolated vesicles are now well described. Different H + and Ca 2+

transport systems have been identified on various subcellular mem-

branes. Further characterization is required. Specific questions
are: (1) H+-pumping ATPases have been identified on the plasma

membrane and the tonoplast, the membrane surrounding the cell
vacuole. How are the ATPases regulated by Ca 2+ and other fac-
tors? (2) Ca z+ pumps have been localized in the plasmalemma, in
mitochondrial membrane and in the tonoplast. Does calmodulin

regulate these pumps? (3) The transport of auxin is mediated by
an anion carrier that is currently being isolated and characterized.

Do pH and Ca 2+ concentrations regulate the carrier and auxin
transport? (4) How is the transport of K + across the plasma and
vacuolar membranes regulated? The transport of K + and of other
ions known to be important for growth is only poorly understood.

4. Electrophysiological studies are needed to study the electric
currents possibly involved in the early stages of transduction. At

present, observations are available for whole roots. Experiments
need to be done on individual organs and single cells.

5. There is a large body of information obtained from ter-
restrial experiments that describes H + fluxes and movements of

Ca 2+ and K + that occur subsequent to gravitational stimulation.

Whether similar responses can be obtained in spaceflight, where

there is no background gravitational force and where gravitational

stimulation can be introduced by brief exposure on a centrifuge,
is of interest.

6. Spaceflight offers a unique opportunity to study the possible

role of early electrical responses in the initiation of gravitropism.
It is known that externally applied electric fields (EAEF) can regu-
late the direction of root and shoot growth. Can the electrotropic
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stimulus completely substitute for gravitropic stimulation in in-

ducing curved growth or does gravity provide a background influ-

ence other than its specifying the desired direction of growth? The

answer to this question requires the microgravity environment of

spaceflight. The question is of particular interest because gravity

induces an electric polarization in statocytes that is independent

of cell orientation. Presumably the polarization will disappear in

microgravity. Specific questions are: (1) Are the threshold field

strengths needed to induce curvature similar in microgravity and

1 g? (2) What is the relative effect of EAEF on statolith position

at 1 g and in microgravity? Are the induced effects independent

of statolith position? Do they persist after removal of the root or

coleoptile tip?

EFFECTS OF GRAVITATIONAL FORCES ON

PLANT RESPONSES

In previous sections of this chapter, we considered the phe-

nomenon of gravitropism, a directed response of shoots and roots

to changes in their orientation with respect to the gravitational

vector. This section considers other responses that may be in-

fluenced by gravity and that can be profitably studied in the

microgravity environment of spaceflight. These include a vari-

ety of tropistic responses, epinastic responses of lateral branches

and leaves, circumnutation, and circadian rhythmicities. In many

instances, the responses have been studied in orbital flight. In

others, a clinostat has been used in an attempt to simulate the

microgravity environment. Some responses have been investigated

in both true and simulated microgravity. The clinostat is a poten-

tially powerful tool for the study of microgravity effects. This is

so because there is easier access to clinostats than to spaceflight

opportunities. In addition, the clinostat can provide preliminary

observations to indicate which of several species are most likely

to yield important results in space. Some of the limitations of

clinostats have been discussed previously.

General Plant Function

Beginning with the second Shuttle mission, several tests of

plant function in microgravity have been accomplished. It was

found that sunflower (Helianthus annuus) seeds would germinate
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and develop for more than one week in microgravity with the same

dependence on soil moisture content as on earth. In several plant

genera, predicted root disorientation was confirmed. Tissue ligni-

fication was found to be retarded. Abnormal mitotic processes,

reminiscent of previous Soviet and Biosatellite II observations,
were noted in root tips.

Prolonged clinostatting leads to a number of physiological

and structural changes. Arena (oat) roots respond with increased

growth and respiration. Coleoptiles react after clinostatting with

an increased sensitivity to gravitropic and phototropic stimula-

tion; growth rate is uninfluenced. Tomato plants produce twice as

much ethylene during the first 2 h on a clinostat, possibly due to
unavoidable mechanical stimulation. Remarkable structural alter-

ations in statocyte cells have been found in Lepidium roots that

were cultivated under normal conditions and were then rotated on

a clinostat for 2 h at 2 rpm. Specifically, the polar arrangement of

cell structures, a characteristic feature of statocytes, is lost. The

endoplasmic reticulum, normally located at the distal pole of the

cell, becomes randomly dispersed throughout the cell. The starch

content of the amyloplast decreases, and the size of lipid droplets
increases. If, on the other hand, the plants are rotated on a clino-

star from the beginning of seed soaking, no alterations in polarity

are seen; whether this represents a developmental adjustment or

an effect of exposure time is unclear. There are clear species differ-

ences. The starch content of Lepidium amyloplasts is decreased by

clinostatting, while that of amyloplasts of oat coleoptiles actually

increases. This last result may explain the increased gravitropism

of clinostatted coleoptiles, but it can hardly explain their increased
phototropic sensitivity.

If we assume that the clinostat adequately simulates micro-
gravity, then there are some lessons to be learned from the above

results about the conduct of space experiments. The differences

obtained between species would indicate that representative exam-

ples of different genera will have to be flown before generalizable

conclusions can be made. This is especially true for processes

as complicated as gravitropism, where ground-based experiments
have already indicated that there are marked differences between

species, not to mention differences between different organs of the

same species. In addition, attention must be paid to the time

of exposure to microgravity. One of the most important uses of

spaceflight is to measure responses to hypogravic stimuli. Here
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one has to control for adaptation to microgravity. If the results
are to be applicable to earth, it will be necessary to hold at least
some specimens on a 1-g centrifuge and remove them only for the

minimal time necessary for testing.

Gravitropism and Other Tropistic Behaviors

The orientation of shoots and roots can be influenced by a

number of external stimuli, including gravity, light, and electric
and magnetic fields. The response to electric and magnetic fields

may reflect a direct action on amyloplasts. These organelles have
a zeta potential and are thus capable of being polarized by ex-
ternal fields. Similarly the organelles are diamagnetic, and this

may be responsible for the organism's magnetic sensitivity. These
possibilities can be studied by comparing the response to electric

and magnetic fields in roots and coleoptiles where the gravisensing
tissues have and have not been removed.

It would be of interest to study all of these responses in the
absence of a background gravitational force. There are two quite
different reasons for wanting to do this. The first is to determine
the immediate influence of removal of background gravitational

forces on tropistic responses. The second is to study the adaptation
to microgravity. As noted above, the first class of experiments
calls for minimal exposure to microgravity. The second requires

continuous exposure.

Eplnasty

Certain plant organs, including lateral branches and leaves,
exhibit a preferred direction of growth, usually not coincident

with the plumb line. The oblique orientation that these organs
assume can be viewed as the interaction between two opposing

responses. One is a hyponastic response that returns the organ
to the plumb line or the main axis of the plant; the other is an

epinastic response that moves the organ in the opposite direction.
Experiments done on a clinostat indicate that gravity stimulation
results in the reduction of epinasty. A similar result was obtained

in Biosatellite II, in which pepper (Capsicum annuum) plants were

placed in orbit for 45 h. The plants showed an epinastic response
similar to that of ground-based, clinostat-compensated controls.
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More recent ground-based experiments, in which a combined cli-

nostat and centrifuge were used, show that the epinastic response

is reduced in a systematic way as a centrifugal force along the

main plant axis is increased in the range from 0 to 1 g.

Circumnutation

Circumnutation refers to a rotary movement of plant organs

in space. The helical growth movements shown by the tips of some

seedlings provides an example, as do certain leaf and tendril move-

ments. There have been two theories concerning the origin of the
motion. One envisions that the circular motion is the result of au-

tonomous oscillatory processes residing in the organ, the other that

it involves an underdamped or overcompensated gravitropic feed-

back response. Since the theories are not mutually exclusive, the

response of any particular plant or organ could conceivably involve

some combination of the two mechanisms. Such would appear to

be the case for the hypocotyl of the sunflower seedling (Helianthus

annuus L.). When the plant is gravity-compensated on a clinostat,

the amplitude of rotation is reduced, but not eliminated; the re-

sponses become erratic, sometimes stopping for several hours and

then starting up again. An experiment flown on Spacclab 1 gave

similar, but not identical, results. Clearly, circumnutation can oc-

cur in the absence of gravity. The investigation should be extended

to other plants and other organs. Given the qualitative similarity

of simulated and true microgravity, species should be chosen for

spaceflight on the basis of their responses on a clinostat. It would

be of particular interest to choose species for spaceflight based

on whether clinostatting did or did not have marked influence on

their circumnutational responses.

Circadian Rhythms

Plants can measure astronomical time, as demonstrated by

persistent rhythms having daily (circadian), lunar, or yearly (cir-

cannual) periods. Such rhythms may underlie circumnutation,

a possibly key process in tropistic response. Accordingly, any

discussion of gravitropism must consider rhythmic behavior. Pho-

toperiodism, wherein flowering occurs at a specific time each year,

probably involves a correlation of daily daylength (or nightlength)
measurements with circadian rhythm.
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Circadianrhythmshavebeendocumentedat everylevel of
eukaryoticorganizationand may be viewedas the expression
("hands") of an underlyingoscillator ("clock"). Typically, the
two of them canbe synchronizedor entrainedby imposeddiur-
nal light or temperaturecyclesto nearly24-hperiods.Entrained
rhythmscanbe rephasedby reversingor otherwiseshifting the
imposedlight or otherentrainingregimes.Circadianrhythmscan
alsofree-runfor long time spans(3 to 4 daysand often much
longer)with a naturalperiodof closeto 24h, evenwhenmosten-
vironmentalcuesareheldconstant.The periodis rarelyprecisely
equalto 24h andthis is particularlyimportant in distinguishing
betweenpassivesystemsdrivenby environmentalcuesandtruly
endogenous,self-excitatoryoscillators.

Thereappearsto bea selectivepressurefor temporaladap-
tation, especiallyto solar periodicities.Theseadaptivefeatures
have beenattainedby organismsthrough somesort of timing
mechanism(s):anautonomouslyoscillatingbiologicalclockhaving
an innatebut mutablegeneticbasisthat respondsappropriately
to thoseenvironmentalperiodicitiesencounteredby organisms
throughouttheir evolution.

Simulatedweightlessness(clinostatting)canaffectsuchrhyth-
mic functionsas the mitotic index of broad bean(Vicia faba)

and leaf movements of pinto beans (Pheseolus vulgaris). In ad-

dition, clinostat experiments indicate that the photoperiodic re-

quirements for flowering in the short-day plant Xanthium pensyl-

vanicum are altered by changes in the gravitational field. As noted

previously, this phenomenon depends on the interaction between

light and biological clocks. There have been some reports that

hypergravity produced on a centrifuge can also alter circadian pe-

riodicities. Circadian timing may be involved in gravitropism as

the response to gravitational stimulation varies with time of day.

Thus there may be a bidirectional interaction between circadian

clocks and gravity sensing: altered gravity fields may influence

circadian timekeeping, and circadian timing may modulate gravi-

tational responses.

Spaceflight experiments have been conducted with two differ-

ent types of fungal growth rhythms. Cultures of the ring-forming

fungus Actinomyces levoris were flown on Soyuz 16 and Apollo-

Soyuz. The ring-formation rhythm persisted in space with a 24-

to 48-h period. Unfortunately, there is little evidence that this
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rhythm is truly circadian since it does not exhibit the required
light dependency and temperature independency.

On the STS-9 Spacelab-I flight, the well-studied circadian

rhythm involving the formation of bands of conidia-forming cells
in the fungus Neurospora crassa was monitored. In constant dark-

ness, the circadian period was approximately 22 h both in space
and on the ground, but the contrast between the "band" and

"interband" interval was markedly reduced in space and some
arhythmicity was apparent after 6 days of spaceflight. There was
evidence that a 4- to 6-h phase advance of the conidiation rhythm
occurred on the first orbit in space.

Gravity (or any other factor) could influence circadian rhythms
in any one of four ways. (1) There could be a direct effect on the

clock machinery. (2) Some other physiological process could be

affected, and this, in turn, could affect timekeeping. (3) Clock
mechanisms may be unaffected, but the overt response used to

measure timing may be altered or abolished. (4) Neither the
timekeeping nor response mechanisms need be affected. Rather

the flow of information between the two may be influenced. At
present, too little is known about the influence of gravity on cir-
cadian rhythms to justify experiments to distinguish among these

possibilities. For now and especially in higher plants, descriptive
studies should be confined to determining whether altered grav-
itational force influences circadian rhythms and, if it does, how
general and reproducible are the results.

Scientific Objectives

1. To study the influence of gravity on a variety of plant
functions.

2. To determine the immediate effects of removal of gravity on
plant responses.

3. To determine the adaptation of plants by study of the long-
term effects of microgravity on plant responses.

Measurement Requirements

Ground-based research

1. Clinostat experiments are needed to explore whether there
is a measureable (nonzero) gravitational intensity threshold for a

detectable gravitropic response. Stated more precisely, is there a
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levelof gravity stimulationbelowwhichthe reciprocityrulefails,
eventhough the stimuluspresentationtime is madearbitrarily
long? This wouldset limitationson the physicalmechanismsof
gravity sensingand alsoon the memoryof the gravity sensing
systemandlater stagesof transduction.

2. The plant canstorethe effectsof successiveepisodesof
gravity stimulation.This is aform of memory,but onethat lasts
only for severalminutes.In what form is the informationstored?
What roledoesstatolithpositionplayin informationstorage?Are
thereany chemicalchanges,includingredistributionsof growth
hormonesand ions, that havea relaxation time evenroughly
approximatingtheobservedstoragetime?

3. Epinastyis responsiblefor the fact that plant organsex-
hibit a preferreddirectionthat is usuallynot coincidentwith the
plumbline or the main axisof the plant. Thereis evidencethat
the nastic responsesare the result of an interplay of at least
two growthhormones,auxin(IAA) andethylene.Moredetailed
studiesareneededof thehormonalandnonhormonalmechanisms
involved.Gravity is involvedsinceincreasinggravitationalforce
resultsin a decreasein the epinasticangle.What are the mech-
anismsof gravity sensingin thoseorgans?How (and where)is
gravity sensed--diffuselyor locally?Are therespecializedsensing
cellsinvolved?

4. What arethe biochemicalmechanismsunderlyingthe en-
dogenousoscillatoryprocessesresponsiblefor thosecircumnuta-
tional responsesthat arenot dependentongravity?

5. What are the mechanismsresponsiblefor the tropistic
responsesto electricandmagneticfields?Towhatextentdothese
involvea directactiononamyloplastsandstatocytes?To answer
thesequestions,it wouldbeof interestto determinewhetherthe
responsespersistin roots andcoleoptileswhosegravity-sensitive
tips havebeenremovedand to correlatetropistic responseswith
statolith position.

6. In somebut not all root and shoot systems,the presen-
tation of light potentiatesor modulatesthe gravitropicresponse.
An obviousexampleis providedby the roots of seedlingcorn,
whichfail to respondto a gravitropicstimulusunlessthey are
exposedto whitelight. Themechanismsbywhichlight modulates
gravitropismarenot understoodandrequirestudy.
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Spaceflight experiments

1. What are the kinetics of gravitropic responses that occur

in the absence of a significant background gravitational stimu-
lus? Clinostat experiments show that a background force has a

qualitatively large effect, but detailed studies are lacking.

2. There is a need to study the influence of a background
gravitational response on the threshold and reciprocity relation
for gravitropism.

3. Does microgravity influence the function relating gravita-
tional force to the reduction in epinastic angle? The relation has
been studied in several species on a clinostat. Would the same

relation hold in the microgravity environment of spaceflight?
4. How general is the Spacelab-1 finding that circumnutations

persist in the absence of gravitational forces? To date, only one
organ (hypocotyl) in a single species (H. annuus) has been studied.
It would be well to choose species in which circumnutation was not

particularly sensitive to clinostatting. The Spacelab-1 experiments

were conducted in a noisy environment, and the circumnutation,
which was sporadic, may have been triggered by brief episodes of
shock or vibration. In future experiments, vibration levels should
be recorded to see if the incidence of circumnutation is correlated

with such episodes.

5. What are the characteristics of phototropic responses in
the absence of background gravitation stimulation? Ground-based

tests in simulated hypogravity demonstrate that clinostatting has
large effects on phototropic responses. The effects of microgravity
on phototropism should be studied in spaceflight.

6. How do plants respond in the near absence of a magnetic
force field? How do they respond to magnetic and electric fields in

the absence of background gravitational forces? Are the responses
similar in roots and coleoptiles whose gravity-sensitive tips have
been removed?

7. The possibility that circadian rhythms can be altered by
microgravity should be investigated in both microorganisms and
higher plants. Numerous rhythms, including photosynthesis, cell

divison, bioluminescence, phototaxis, and several enzyme systems,
have been documented in single-celled algae. These organisms

are particularly useful for experiments designed to probe clock
mechanisms. Two types of systems should be studied in higher
plants: (1) rhythmic leaf and petal movements in a nyctinastic
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(night closure) plant and (2) floral induction in a photoperiod-

sensitive plant.
8. In all of the above experiments, with the possible exception

of those involving circadian rhythms, it is important to distinguish

the immediate effects of removing the background gravitational

response from the long-term effects of microgravity. The first

requires brief exposures to microgravity that are confined to test

periods, the latter requires continuous exposure to microgravity.

All experiments should be compared to 1-g inflight controls and

ground-based controls with and without clinostatting.

Instrumentation for space-based research

1. The present plant growth unit (PGU) is primitive and

unsatisfactory. First priority must be given to the development of

a plant growth chamber in which plants could be grown in space
from seed to seed under conditions of controlled temperature, light,

humidity, and nutrition.

2. An in-flight centrifuge would accomplish two different re-

search objectives: (1) provide experimental access to the hypograv-

ity range of acceleration levels between 0 and 1 g, and (2) provide

a 1-g "control" test condition in space.

3. Automated experiment termination and sample preserva-

tion devices are urgently needed. These could function in un-

manned long-duration satellites or in a Shuttle without obligating
crew time.

4. Vibration and shock isolation systems are essential. Any

spacecraft produces vibrations and shocks that are not easily pre-
dictable in advance. The most sensitive plant systems show up

to 100 percent change in some processes due to moderate seis-

mic stimulation. Therefore, mechanical shock isolation systems

must be developed to permit other measurements to be made with

confidence.

5. Small, portable recorders must be developed with appro-

priate interfacing to common computers for data read-out. The
recorders can be designed to include capabilities for recording

data from various kinds of sensors (e.g., thermometers, photocells,

accelerometers, and pH electrodes).

6. Photographic recording devices are important for recording

many kinds of data: control of on-off signals, intervals, and cycling

are important.
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Sensorimotor Integration

INTRODUCTION

The sense of gravity, provided by the vestibular end organs

and by tactile and proprioceptive inputs, is a major factor in de-
termining spatial orientation and motor performance on earth. In
spaceflight, relative weightlessness is encountered for prolonged

periods. This demands a reorganization in the processing of sen-
sory information so that motor performance can be adapted to the
new environment. It offers a challenge to sensorimotor coordina-

tion that is never encountered and cannot be adequately simulated
on earth.

CentrM to the study of spatial orientation in weightlessness is
an understanding of how the otolith organs, the linear accelerom-
eters in the vestibular or nonauditory portion of the inner ear, are
affected by microgravity. The otolith organs respond to gravity
and provide the central nervous system with signals that encode

head position and provide a continuous estimate of the upright.
As with other physical linear accelerometers, however, the otoliths

respond equally to all inertial force of the same magnitude and
direction. Thus, the end organs not only sense head position with

respect to gravity, but also linear accelerations that accompany
head movements. It is important to understand that the otolith

organs do not become inoperative in microgravity. According to
present knowledge, the afferent nerve fibers will emit a background
discharge in space and will continue to respond during any head
movement that includes a component of linear acceleration. Per-

haps the most important difference is that static reorientation of

86
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the head with respect to external references, such as the floor of

the spacecraft or the vector pointing toward the earth's center,

will no longer give rise to a change in otolith activity. As a result,

portions of the central nervous systems responsible for spatial ori-
entation and movement must accustom themselves to the absence

of this signal and function without it.

Initially, the lack of gravitational force during spaceflight

can have severe disruptive effects, causing spatial disorientation

and space motion sickness. Within several days the symptoms

disappear as continued exposure to microgravity leads to adap-

tive changes in sensory processing and motor control. Adaptive

changes promote more efficient performance in microgravity, but

they can cause difficulty if the space traveler reaches another grav-
itational environment or returns to earth. The neural mechanisms

responsible for adaptation to microgravity are as yet poorly un-

derstood, but are of considerable importance. A program of basic

research can develop information that will facilitate adaptation to

space and readaptation to earth and can also lead to new thera-

pies for space motion sickness. In a broader context, however, the

orbiting Space Station will provide a unique resource for study-

ing spatial orientation and motor performance in the absence of

gravity. It offers the opportunity to ask fundamental questions

about neural processing and adaptation in sensorimotor systems

involved in perceiving and responding to gravitoinertial force. This

chapter identifies some of these questions and describes a research

program that is intended to lead to a better understanding of the

mechanisms responsible for man's ability to adapt successfully to

the sensorimotor challenge of weightlessness.

MAJOR SCIENTIFIC GOALS

1. To understand the basic mechanism underlying spatial ori-

entation in humans and the changes that occur in the absence of

gravity.
2. To determine short- and long-term effects of the absence

of gravity on neural processing in the vestibular system and on

other parts of the nervous system that are also involved in spatial

orientation and movement control.

3. To establish the causes of space motion sickness and to make

recommendations for its treatment and prevention.
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SPATIAL ORIENTATION

Introduction

Spatial orientation is the relation established between a body-

oriented coordinate system and external reference frames. It

results from the integration of sensory signals from the visual,

vestibular, tactile, and proprioceptive systems and from a com-

parison between them and the motor-command or efference-copy

signals arising in the brain (Figure 4.1). A sense of spatial orien-
tation helps to guide behavior at conscious or perceptual levels as
well as at unconscious or automatic levels. Static visual cues to

the direction of the vertical or horizontal, which normally inter-

act with graviceptor cues on earth, become increasingly dominant

in establishing spatial orientation in weightlessness. Tactile cues

such as pressure on the soles of the feet may also promote a sense

of vertical and of the upright.

The semicircular canals, the vestibular end organs that detect

angular head rotation, appear to be little affected by weightlessness

and probably provide much the same information in space as on

earth. The discharge of otolith organs, on the other hand, must be

fundamentally different in microgravity. As linear accelerometers,

they should continue to signal linear head movements, but can

no longer serve their usual graviceptive role of indicating static

head position with regard to gravity. This may lead to various

illusions of spatial orientation on entering weightlessness, including

sudden reversal of orientation, the so-called "inversion illusion."

In addition, moving visual fields that produce sensations of self-

motion and postural adjustment are unhindered by constraints

from the otolith organs, which do not confirm or deny body tilt.

Thus, the visually-induced illusion becomes stronger in space.

Cues used for spatial orientation in initial phases of adap-

tation to weightlessness vary. Some individuals become strongly

dependent on vision, orienting with respect to familiar vertical

references such as equipment racks, the floor of the spacecraft,

and other crew members. Dependence on vision as a substitute

for otolith and proprioceptive information begins on entry into

weightlessness and can last for many days. Other crew members

are more "body oriented" and align their exocentric vertical to

lie along their long body axis. These people do not become as

disoriented when working in unusual attitudes relative to external
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references or when traversing places where visual cues for ver-

tical orientation are absent. Thus far, it has not been possible

to predict individual differences in visual-field dependence from

ground-based tests of visual-vestibular interactions.

There are also post-flight alterations of spatial orientation

and motor performance. Several illusions are commonly reported,

including a feeling of heaviness, a sense of disorientation when

making sudden pitching or rolling head movements, an inability

to move about in the dark, and an illusion of floor motion during

vertical body movements. The threshold of detection of linear ac-

celeration may change, and visual influences on orientation appear

stronger than before the flight. At the time of reentry and shortly

thereafter, tilting movements of the head may cause a sense of

sudden linear translation in the opposite direction.

It is hypothesized that in space the nervous system comes to

reinterpret afferent signals from the otolith organs. One possibility

is that the brain now interprets the signals as arising solely from

translational head movements, rather than from a combination

of such head movements with changes in attitude with respect

to the vertical. This "otolith reinterpretation" hypothesis must

be verified, but if correct, could be useful as a basis for devising

strategies for preadaptation to flight.

Scientific Goal

To understand the mechanisms that underlie spatial orienta-

tion on earth, in space, and after return to earth.

Scientific Objective

To use psychophysical methods to determine the relative con-

tributions of vestibular, visual, proprioceptive, and tactile inputs

to perception of spatial orientation and self-motion before, during,

and after spaceflight.

Measurement Requirements

1. Psychophysical experiments on perception of linear and an-

gular motion should include measurement of sensitivity, time con-

stants, thresholds, dynamic response, and trajectory and should



91

measureresponsesto visualandvestibularstimuli and their in-
teractions.Thesestudiesrequirea humanrotator, a sled,and a
humancentrifuge.

2. Testsof spatialorientationshouldincludemeasurementsof
perceivedstatic body attitude andthe perceivedverticalduring
rotation,linearmotion,andtilt.

3. Measurementsof visual-vestibularinteractionsusinghori-
zontal,vertical,andtorsionaleyemovementswill requireaflexible
wide field of viewvisualstimulator, a sled,andan angularrota-
tionaldevice.

4. A studyof proprioceptivechangesin weightlessnessshould
be donethroughmeasurementsofjoint angleandpointing accu-
racy.

POSTURAL MECHANISMS

Introduction

An important function of posture control is to coordinate mus-

cular activity so as to maintain the orientation of the body with

regard to gravity. This requires the integration of orientation and

motion information from the visual, vestibular, and somatosen-

sory systems. Convergence of this information is required because

no one modality measures the state of body orientation directly.

Animal models of upright posture and equilibrium are of limited

usefulness. Hence, most of the required studies of postural control
must be done in humans.

Posture and equilibrium appear to be mediated by automatic
mechanisms that are largely independent of awareness and volun-

tary control. Consequently, conscious reports of subjects are not

sufficient to reveal how postural mechanisms operate. Strategies

for organizing incoming sensory information and the resulting mus-

cle activity patterns are interdependent and appear to be planned

in advance. The way a subject intends to move influences how the

senses are interpreted. Further, sensorimotor coordination can be

influenced by experience.

Current research suggests that automatic postural actions

may be organized into a set of relatively fixed "strategies." In

this view, incoming sensory information is interpreted according

to prescribed formulas, and muscle activities are organized into

fixed patterns of interaction. These strategies are used to return
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the centerof gravity to a stablepositionwhenthe body is per-
turbed. Posturalstrategiescanbe altered. A basicquestionis
howthey mustchangeto meetthe mechanicaldemandsof space.
On earth, therepertoireof fixedstrategiesappearsto belimited.
Subjectsareableto adaptposturalcontrolto changingenviron-
mental conditionsby usingdifferent combinationsof the same
repertoireof strategies.Thepatternof musclecontractionneces-
sary to executea givenmovementdependsto a largemeasureon
theconfigurationofsupportsurfacesprovidedto thesubject.The
eliminationof the needfor antigravityposturesin microgravity
rendersmuchof the postural repertoireirrelevant. This creates
a uniquecontextfor the interpretationof sensoryinputsand the
coordinationof muscularactions.

Observationsonadaptationof automaticposturalsystemsto
microgravityarelimited, yet theysuggestthat changesin the in-
terpretationof sensoryinputsandin thecoordinationof muscular
actionsaresignificant.Voluntarypointingaccuracyand percep-
tion ofstatic limb positionareimpairedin microgravity,andnaive
subjects,whenaskedto orientthemselvesverticallyin relationto
visualsurroundingsandsupportsurfaces,assumeskewedpostures.
The H (Hoffman)reflex,whichreflectssupraspinaland otolithic
controlof spinalmotorneurons,appearsto bedepressedin flight
andmaybeenhancedfor severaldayspostflight.Returningcrew
membersroutinelyexperiencedifficultiesin walkingandstanding
with eyesclosed,andin makingquickturns. Thesesymptomsoc-
curevenaftermissionsof relativelyshortduration,wherechanges
in muscularstrengthareminimal.Thesymptomsthuscannotbe
ascribedto changesof skeletalmuscle.Clearly,there is a change
in centralmotorprograms.

Scientific Goal

The primary scientific goal for the study of human postural

mechanisms in space is to understand how automatic postural con-

trol systems adapt to microgravity. Such an understanding should

contribute to our knowledge of the adaptive mechanisms that

operate both on earth and in space. Microgravity requires the re-
organization of postural control mechanisms in a situation where

elements of the vestibular input are altered on a long term basis.

This set of conditions would be difficult, and probably impossible,
to simulate on earth.
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Scientific Objectives

1. To determine how sensory inputs and coordination of mus-

cular actions are organized before, during, and after flight.

2. To use the tools of neurophysiology and kinesiology to mea-

sure postural movements and the associated muscle activation pat-

terns elicited by external perturbations imposed under a variety of

surface conditions. These studies will help determine the extent to

which subjects adapt their posture to microgravity by recombining

terrestrial strategies or by learning new strategies.

3. To develop training programs that will allow flight crews to

learn postural strategies that will be useful in microgravity. Such a

program will have practical consequences and will provide a test of

the concepts developed in other more basic studies. It is conceiv-

able that similar methods could be used to retrain neurologically

impaired individuals.

Measurement Requirements

1. Changes in the patterns of muscle activation and muscle

strength should be quantified. Initially these tests should be done

before and after flight so as to provide clues about changes that

occur in microgravity and to help design in-flight postural experi-

ments associated with visual-vestibular and somatosensory inputs.

Post-flight testing should begin immediately after debarkation and

at regular intervals following return to earth.

2. The analysis of movements of the body and associated mus-

cle activation patterns requires multichannel surface electromyog-

raphy (EMG) recording and a means to measure joint angles. A

standard video recording of the body with pressure targets placed

at desired points should provide sufficient temporal and spatial

resolution for analysis of movement. Such recording can be stored

on tape for off-line analysis.

3. Subjects should be tested for their ability to stabilize pos-

ture during eye-hand, eye-head, and head and trunk movements

while they are being displace by an external device or as a re-

sult of the inertial reaction to limb movement. Drop tests should

be compared on earth and in space, as should postural responses

produced by visual, vestibular, and somatosensory stimuli.
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THE VESTIBULO-OCULAR REFLEX

Introduction

The vestibulo-ocular reflex (VOR) provides ocular compen-
sation so that stable gaze and clear vison are maintained during
head movements. Adaptation of the VOR to weightlessness is

of fundamental importance if one is to function appropriately in
space, since errors in stabilization of gaze during head movements
can create disorientation and motion sickness. The VOR in the

yaw or horizontal plane has been studied extensively, both in ani-
mals and humans. Quantitative models exist that predict how eye
movements are related to activity in the central vestibular system.
Consequently, study of the horizontal VOR is useful, not only

for determining how eye movements are adapted to compensate
for head movement in an altered force environment, but also for

understanding the nature of central vestibular system processing
that produces this compensation. It is likely that the VOR in the
sagittal and roll planes is quite different on earth than in space
and this should be studied. How information about head move-

ment in three dimensions is integrated within the central nervous
system is not well understood and is currently being investigated.
Quantitative three-dimensional models of the VOR that are now

being developed may provide a theoretical basis for understanding
alterations in the VOR in weightlessness.

It is likely that every portion of the labyrinth contributes
activity to the ocular compensation related to head movement

and head position. Semicircular canal activity during rotational
head movements is primarily responsible for producing compen-
satory eye movements. The otolith organs can alter the VOR gain.

Whether this gain change will be altered by exposure to micrograv-
ity is unknown. Other contributions of the otolith organs to the
VOR include ocular counter-rolling during head tilt, and vertical,

horizontal, and torsional eye position changes during translational
acceleration. Tests using linear acceleration on earth have indi-

cated that ocular counter-rolling is reduced after about a week in

space, but the horizontal component of the eye movement response
appears to be maintained. If this is confirmed, it would suggest
that adaptation of induced eye movements is direction-specific and
appropriate to the change in gravitational force. Rotation about

axes tilted from the vertical (off-vertical axis rotation) activates
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the otolith organswith a rotating gravity vectoron earth, pro-
ducinghorizontal,vertical,andtorsionaleyepositionchangesand
nystagmus--aninvoluntaryback-and-forthmovementof the eye-
ball. As yet, thereis little informationabouthowthe responseto
off-verticalaxisrotation isaffectedby adaptationto space.

Althoughthe VORis a reflexresponse,its characteristicsde-
pendon a varietyof factors including general state and level of
alertness, intent to view near or far targets, whether one watches

targets moving with the head, and whether head movements are
active or passive. Each of these factors must be considered when
studying effects of weightlessness. Stuctures that mediate adap-

tation of the VOR during abnormal input are only now becoming
understood. Most studies of adaptation of the VOR have been
done on head and eye movements in the horizontal plane, and
comparatively little is known about the vertical VOR or about

visual-vestibular interactions during pitching or rolling head move-
ments. Study of the vertical and torsional VOR may provide in-
sight into factors that could lead to disorientation and symptoms

upon insertion into space.

Scientific Goal

The primary scientific goal for the study of the vestibulo-ocular
reflex (VOR) is to determine how it is altered by an absence of
gravitational input. Of particular interest are those portions of the
VOR that involve vertical and torsional eye movements. Measure-
ments should be taken to determine whether coordination of gaze

is altered in space during head movements and to establish quanti-
tative three dimensional models of the VOR that will explain and

predict the changes in weightlessness.

Scientific Objectives

1. To describe how head movements in the horizontal (yaw),
vertical (pitch), and torsional (roll) directions in space affect sta-

bilization of gaze.
2. To establish a three-dimensional model of the human VOR

and of central vestibular processing that will account for alterations

in eye movements in microgravity.
3. To understand how the VOR adapts in microgravity and if

it can be preadapted prior to spaceflight.



96

4. To investigate the effects of conflicting visual and vestibular

stimuli on gaze-stabilization during active and passive movement.

These data should be used to predict and improve gaze stabilization

under the various conditions that the flight crew encounters.

Measurement Requirements

1. It is essential that there be accurate techniques for con-

tinuously recording horizontal, vertical, and torsional eye and

head movements. The value of electro-oculography and cinephoto

techniques, which have heretofore been utilized for measuring

eye movement, is limited. They are either not accurate enough

or require extensive processing that precludes continuous on-line

recording. New techniques utilizing magnetic scleral search coils

in soft contact lenses may overcome these difficulties but require

extensive technical development.

2. Comparative studies should be done in mammals other than

humans, particularly in monkeys, to determine the relationship

between eye and head movements, and activity in the central

nervous system.

3. An Orbital Vestibular Research Facility (OVRF) capable of

providing controlled linear and angular acceleration, and variable
levels of centripetal acceleration is essential for these studies. The

facility should be designed for both human and animal subjects.

PROCESSING IN THE VESTIBULAR SYSTEM

Vestibular Signals in Microgravity

The utricular and saccular maculae are the portions of the

labyrinth that sense gravity. It is essential to know how their

function is affected by microgravity if we are to understand the

adaptive response to this environment. The only direct informa-

tion comes from a NASA-sponsored study in frogs during a 7-day

orbital flight conducted by T. Gualtierotti and his colleagues.

A floating microelectrode continuously monitored changes in the

resting activity of single otolith afferents and their response to

centrifugal forces. Interpretation of the data was made difficult be-

cause of the small number of nerve fibers sampled, the possibility

of injury discharges, and the inadvertent presence of suprathresh-

old vibrations. As a result, the characteristics of the input from
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theutricle andsacculein space,whichform thephysiologicalbasis
for alterationsin functionin weightlessness,remainunknown.

If it is assumedthat the vestibularendorgansfunctionnor-
mally in space,thenpredictionsof the responseof the vestibular
apparatusto microgravitycanbemadefrom ground-basedstud-
ies. Current knowledgesuggeststhat in the absenceof gravity
andotherinertial forces,otolith afferentsshouldrevertto a zero-
forceor restingdischarge.This profileof restingactivity would
be consistentwith only oneterrestrialcondition,freefall. This
wouldbe contradictedby visualand proprioceptiveinformation
that indicatesthat the subjectis in a stableenvironment.This
conflict,by itself, might beexpectedto causedisorientationand
malaise.

The dischargeof the otolith organsshouldalsobe different
onearthandin spacewhenthe headis pitchedandrolled. These
movementselicit threeforcecomponentsfrom anerectpostureon
earth:agravity-relatedcomponent,a tangentialcomponentparal-
lelto thedirectionof motion,andacentrifugalforceperpendicular
to the headtrajectory. In orbital flight, the gravitationalcompo-
nent iseliminatedwhiletheothercomponentsremainunchanged.
Visual and semicircularcanalcomponentsarepresumablyalso
unaffected.Theresultshouldbeadisparitybetweenthewaythat
sensoryinputs associatedwith pitch or roll headmovementsare
experiencedon earth and in space.On the otherhand, yawor
horizontalheadmovements,i.e.,movementsaboutthe long axis
of the body,shouldelicit thesamevisualandvestibularinputsin
spaceasonearth.

It hasbeensuggestedthat microgravitymightbedeleterious
to the otolith organsin anyof severalways.Removalof gravity
mightalter the activity of receptorcellsin the saccularandutric-
ular maculaeandtheir innervatingafferents,leadingto a change
in structureandfunctionof theendorgans.In addition,the dy-
namicequilibriumbetweenthe calciumcarbonatein theotoconia
andionizedcalciumin extracellularfluids mightbe alteredover
the long term. The activity of otolith hair cellsmightbealtered
by an absenceof compressionalforcesrelatedto gravity. There
may bechangesin inner-earfluids. Thesecouldaccompanythe
rostralwardshiftsin bodyfluid that occurin spaceor thechanges
in plasmaconcentrationsofcalciumandotherdivalentions.While
thesemechanismswouldnot explaintherapidonsetof symptoms
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of motion sickness upon insertion into orbit, they are of inter-
est in determining the role of gravity in the normal development
and functioning of the vestibular apparatus. They may also be
of importance during and after long-term flights, and may bear

investigation.

Processing in the Vestibular Nuclei

The vestibular nuclei play a pivotal role in coordinating eye,
head, and body movements, but much remains to be learned
about their organization. Signals from the semicircular canals, the

otolith organs, and tactile and proprioceptive senses are combined
in the central vestibular system with visual and eye-movement-
related signals to produce a neural representation of the position

and motion of the head, eyes, and body. Activity produced in the
neurons related to the semicircular canals has been extensively
studied. Less is known of otolith-related activity. Second order

otolith neurons respond to changes in head positions with regard
to gravity, but how they process activity from the otolith organs
in weightlessness is unknown. Preliminary work has shown that
neurons receiving otolith activation in the vestibular nuclei are
strongly activated by visual inputs, similar to those that would

be encountered during translational head movements. The input
pathways from the visual system and the dynamics of the response
of vestibular neurons to linear field motion are unknown.

Recently, it has become apparent that environmental factors

can play an important role in the structural organization of the
developing nervous system. For example, if young animals are
prevented from experiencing patterned vision in one eye, the in-
put to neurons in the visual cortex does not develop normally.

There appears to be a "critical period" for this development, af-
ter which patterns of connectivity are established and cannot be
substantially altered by further experience. While developmental

studies of the vestibular, oculomotor, and body postural systems
are relatively limited, there is ample indication that there is signif-
icant maturation after birth, which might be sensitive to external
conditions. Nothing is known about development in a gravity-free

environment, and studies in such conditions might provide unique
insights into factors guiding peripheral and central otolith neurons
in establishing synaptic contact within the central nervous system.

If postural or ocular reflexes were to exhibit a "critical period"
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during development, it would be of fundamental interest since it
could lead to an understanding of how various afferent synaptic

inputs are coordinated on target neurons to produce postural and

oculomotor responses.

Adaptation and the Vestibulo-Cerebellum

The semicircular canals and otolith organs code a broad range

of force levels in responding to angular and linear acceleration
associated with head movement. It is essential that mechanisms

exist to change the gain, phase, and bias of the input coming

from the two ears. Adaptive mechanisms are called into play

under conditions in which the visual input is modified or when the

input from the labyrinth is altered, as in microgravity. It is likely

that these mechanisms play a crucial role adapting oculomotor and

skeletal motor performance in the reduced force levels encountered

in spaceflight, as well as in disease states where the afferent input

from the periphery is altered or central processing is modified.

Although the vestibular apparatus is under efferent control of the

brainstem, adaptive processes probably operate primarily within

the central nervous system, not in the peripheral labyrinth. As yet,
there is little information about the neural mechanisms responsible

for the adaptation.

No single structure appears to be responsible for producing

vestibular adaptation. The vestibulo-cerebellum, which includes

the flocculus and paraflocculus and the nodulus and uvula, is well

situated to deal with disparities between visual and vestibular in-

formation, since it receives visual and vestibular input and projects

directly to the vestibular nuclei. There is evidence to suggest that

parts of the vestibulo-cerebellum act in concert with inputs from
the inferior olive to raise or lower the gain of the VOR and cause it

to habituate. Conclusive proof of their involvement is still lacking,

however, and must be sought in ground-based studies. How the

various parts of the vestibulo-cerebellar cortex interact with the

deep cerebellar and vestibular nuclei and what transmitters are

utilized in this control are also largely unknown. A better knowl-

edge of the anatomical and physiological substrates of adaptation

may lead to strategies that will enable the flight crew to adapt
to unusual vestibular stimuli. Such knowledge could also provide

a rational basis for the development of drugs that could alleviate

the symptoms that are produced by these stimuli.
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Scientific Goals

The primary scientific goals for the study of vestibular process-
ing are:

1. To determine whether the function of the labyrinth is altered

during spaceflight.

2. To understand how vestibular signals are processed in the

central nervous system in microgravity.

3. To understand the neural basis of sensorimotor adaptation.

4. To understand the role of gravity in the development of
sensorimotor functions.

Scientific Objectives

1. To determine whether there are structural alterations of the

vestibular end organs of mammals during spaceflight.

2. To examine the nature of the signals coming from the

labyrinth in weightlessness by recording from the vestibular nerve
and vestibular nuclei.

3. To determine the effects of weightlessness on postnatal

development of sensorimotor functions and to establish if there is

a %ritical period" in development during which the presence of

gravity is essential for normal development of these reflexes.

4. To investigate the neural basis for adaptation of the vestibu-

lar system to weightlessness in earth-based and in-flight research.

Measurement Requirements

1. Studies are needed of the effects of both short- and long-
term exposure to microgravity on the structure of the utricular and

saccular ma_=ulae and on the formation of otoconia and of otoconial

membranes. Interpretation of the flight experiments will require

ground-based studies of the detailed structural organization of the

vestibular end organs.

2. Alterations in the function of the vestibular end organs

should be determined by recording the activity of vestibular nerve

fibers in-flight. The methods involved are technically challenging

and will require extensive ground-based development. The exper-

iments are best done in chronically implanted animals. Adequate

collection of data from individual animals will require missions

lasting a month or more.
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3. Too little is known about the central processing of otolith
information or about the neuronal mechanisms of adaptive plas-

ticity to justify space experiments at the present time. Instead,

a vigorous, ground-based program of research, involving the use

of modern neurophysiological methods, is called for. Until specific

hypotheses can be formulated, space research should be confined

to determining the effects of weightlessness on otolith-mediated

reflexes, as well as the time course of adaptation to microgravity.
Parallel studies in man and animals should be done.

4. The space environment provides a unique opportunity for

the study of the role of gravity in the neonatal development of

sensorimotor functions. Initial experiments should be descriptive

and should correlate behavioral and morphological observations.

Young animals should be raised in microgravity. The effects of

such nearing of the VOR, postural reflexes, locomotion, and other
sensorimotor functions should be assessed. Animals should be

flown at various ages and for various durations to see if there are

"critical periods" during which neural development is particularly

sensitive to the presence or absence of gravity.

Instrumentation/Facility Requirements and Research Subjects

1. Dynamic testing of vestibular processing, of adaptation,

and of development in weightlessness requires the variable force

centrifuge provided in the OVRF. This facility should include

the capability for angular rotation, centripetal acceleration (cen-

trifuge), and linear acceleration (sled) for both animals and hu-

mans. Specifications and a more complete description are given in

the following section.

2. One-g controls in space are essential for determining struc-

tural changes. Facilities for high-quality fixation of the inner ear

in space are needed, as well as an on-board centrifuge that can

provide variable levels of force.

3. Animal research is fundamental to understanding adapta-

tion of the peripheral end organs and the central vestibular system

to space. A vigorous program of morphological and physiological

experiments, both ground-based and in-flight, are needed to de-

termine how microgravity affects the function of the end organs.

This requires provisions for in-flight recording facilities in an Or-

bital Neurophysiology Laboratory and for preservation of tissues.
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4. The choice of species should be dictated by suitability for

the experiments that are proposed and by the applicability of the
results to man. Developmental studies can profitably be pursued
in fish, amphibian larvae, and small mammals. Morphological

experiments on the vestibular end organs are best done in small
mammals. Physiological experiments on the VOR and the central
vestibular system should be done in monkeys; the results should
be compared with those obtained in behavioral studies in monkeys
and man.

5. Monkeys are particularly suitable subjects for studies of
central adaptation. Their eye movements and brain closely resem-
ble that of man, they can be trained to perform complex tasks,
techniques for studying single neurons in the central vestibular

system are well developed, and existing quantitative models of the
VOR in the monkey provide a theoretical basis for predicting and
interpreting the data that will be obtained. In-flight facilities for

handling monkeys should be provided.

MOTION SICKNESS

Symptom Complex and Signs

Motion sicknessoccursin a varietyof transportationmodes.

Itcan be elicitedby both realor perceivedmotion of the body

and presentationofcertainpatternsof visualstimulation.With

the advent of orbitalspaceflight,space motion sicknessbecame a

significantoperationalconcernfortheRussian and American space

programs. Nearly halfof U.S. flightpersonnelhave experienced

some symptoms ofmotion sicknessand nearlyone thirdhave had

at leastone episodeofemesis.

The symptoms most oftenassociatedwith motion sicknessare

nausea and vomiting,but the range of symptoms characteristic

of motion sicknessis actuallymuch broader. It includespallor,

stomach awareness,stomach discomfort,subjectivebody warmth,

sweating,increasedsalivation,headache, dizziness,dry mouth,

drowsiness,and lethargy.The particularsymptoms experienced

and theirorder of appearance are influencedby factorssuch as

environmental temperature,exposure duration,and the relative

provocativenessof the motion environment. Many of the symp-

toms are subjective--onlypallor,sweating,and vomiting can be

easilyobserved ifone cannot communicate with the motion sick
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subject. This has made it difficult to study motion sickness in
animals.

The physiological changes associated with motion sickness
tend to be variable or inconsistent both within and across individ-

uals. For example, heart rate, blood pressure, body temperature,
and respiration rate appear to show few consistent changes. For
this reason, it has been necessary to develop a global scale of mo-
tion sickness signs and symptoms to rate severity of involvement.
This mandates that large groups of subjects be studied to deter-
mine causative factors or efficacy of therapy, a condition that is not

easy to attain with limited flight opportunities. Motion sickness
also causes changes in gastric motility that could alter the efficacy

of antimotion sickness drugs given orally. Biochemical changes
associated with motion sickness may be a consequence of vomiting

and subsequent fluid loss. Urinary output is diminished in motion
sickness, suggesting increased levels of vasopressin. Stress hor-
mones also show increased levels during exposure to provocative
motion.

Models of Motion Sickness

The development of methods for predicting and preventing
motion sickness has been hindered both by the lack of understand-

ing of its basic causes and the lack of an adequate animal model.
One observation appears beyond question: individuals without a
functioning labyrinth are not susceptible to motion sickness. In

addition, space motion sickness is brought on or exacerbated by
head movement and made better by rest. This suggests that ac-

tivity arising in the labyrinths activates central mechanisms that
produce the symptom complex. The most commonly accepted

model of motion sickness holds that vestibular input is relayed to
an area of the medulla, the area postrema, which has a rich supply
of neural transmitters and hormonal receptors. Area postrema is

believed to act on a vomiting mechanism located in the medulla,
which innervates the gut. The hypothalamus is postulated to be

a source of input to the area postrema when motion sickness is

produced, either by direct neural connections or through hormonal
control. Motion sickness susceptibility is lost in dogs after injury
to the nodulus of the vestibulo-cerebellum. It has been proposed
that nodular-brainstem connections are important for production

of motion sickness.
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Critical parts of this hypothesis have been called into question.

It has been shown that vomiting can occur when the area postrema

is destroyed. Workers were unable to elicit vomiting by electric

stimulation of the so-called "vomiting center." Studies of nodular-

brainstem connections have not been of value in revealing how this

region of the vestibulo-cerebellum might exert its control on the

area postrema. At present, therefore, it must be concluded that

the basic circuitry responsible for motion sickness, nausea, and
vomiting is unknown.

The most widely accepted theory for explaining the sensory

input that produces motion sickness is the sensory-conflict per-

spective. This relates motion sickness to contradictory sensory

and motor information in channels carrying activity related to
spatial orientation and body configuration. It is difficult with

this perspective, however, to account for interindividual threshold

differences and the finding that some individuals are highly sus-
ceptible to some forms of stimulation but not to others. This is

still an important area for research.

Experimental Approaches

No single factor has been identified that predicts susceptibility

to motion sickness. Several approaches have been taken in such

studies in humans. They include (1) functional capacity tests, (2)

ground-based provocative tests, (3) provocative tests administered

during parabolic flight in which there are brief periods of weight-

lessness, and (4) tests of vestibular and sensory motor function

before, during, and after orbital flight.

(1) Functional capacity tests include assessment of the VOR

and of vestibulo-spinal reflexes. They provide an indication of

processing in sensory and motor systems related to balance and

orientation. Values obtained on earth before flight may be related

to susceptibility to motion sickness in orbital flight, and repetition
of the tests after flight can give an indication of the forms of

adaptive changes or compensations that have occurred.

(2) Ground-based provocative tests measure susceptibility to

different combinations of labyrinth and visual stimulation. They
provide a profile of an individual's response to various forms of

provocative stimulation and offer insight into adaptive compensa-

tions that occur in-flight. Three types of tests have been generally
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utilized: off-verticalaxis rotation, pitching the headout of the
axisof rotation duringconstantvelocityrotation (cross-coupled
angularaccelerationor pitchingwhile rotating), andsudden-stop
rotations. Thereareseveralproblemswith the useof provoca-
tive tests. First, theyusuallychallengethe individual'sresponse
duringshortexposures,whilemicrogravitysubjectsthe individual
to continuousexposureto freefall. Second,noneof the stimuli
mimic weightlessnessandthey havebeenusedprimarily because
theycausemotionsickness.Thismayaccountfor thefindingthat
noneof thetestscanpredictwhichsubjectswill becomesickwhen
exposedto weightlessnessfor extendedperiods.

(3)Parabolicflightmaneuvershavebeenusedto generatebrief
periodsofweightlessness,lasting20to 30s,alternatingwith 20-to
30-speriodsofapproximately2-gforcelevel.Suchexperimentscan
provideinsightinto thesensorimotoralterationsthat occurduring
longerexposuresto freefall. Someindividualsexperiencemotion
sicknesssimply by virtue of exposureto the force fluctuations.
Oneof the mostintriguingobservationsconcerningspacemotion
sicknesscamefrom the Skylab M-131 experiment on vestibular

function. Astronauts were tested for their susceptibility to motion

sickness by having them pitch their heads while rotating. Tests

were done before, during, and after flight. Susceptibility to this

maneuver was markedly decreased in-flight and for some period

after flight. This experiment suggests that the central nervous

system had learned to ignore certain types of input from the otolith

organs during its exposure to weightlessness. Subsequent parabolic

flight experiments have shown that the provocativeness of such

head movements during angular rotation decreases immediately

on exposure to free fall, relative to its provocativeness on earth or

in 2 g. This indicates that the otoliths must provide continuous

information for interpreting afferent activity from the semicircular

canals and emphasizes the necessity for understanding alterations

in otolith activity in free fall.

(4) Finally, in-flight experimental programs are essential for

understanding space motion sickness. Valuable information has
been obtained from the Skylab missions and the STS missions,

including Spacelab 1. From these flights, it has become apparent
that head movements tend to exacerbate symptom development.

Such data support the now generally accepted view that space
motion sickness is a form of motion sickness and does not result

primarily from the rostral redistribution of body fluid that occurs



106

in weightlessness. An important aspect of future in-flight exper-
iments will be a systematic analysis of how otolith function and
its influence on orientation and sensory motor control are affected
during exposure to microgravity and how these alterations are
related to space motion sickness.

Symptom Management

Three forms of symptom prevention and management have
been or are being explored. These include (1) biofeedback training,
(2) preadaptation procedures, and (3) antimotion sickness drugs.

(1) Biofeedback training has been effective in combination

with incremental exposure to cross-coupled angular accelerations
in preventing motion sickness in airsick flight trainees. The subject
monitors various physiological parameters, including heart rate

and blood pressure. With the use of appropriate training, some of
these individuals are able to maintain control over these variables,
and delay or prevent the onset of symptoms of air motion sickness.

It would seem reasonable to suppose that biofeedback training
could also be used to ameliorate the symptoms of space motion
sickness.

(2) To date, preadaptation measures have not been effective

in countering space motion sickness. However, procedures involv-
ing graded exposure to provocative vestibular stimulation have

been effective in preventing air sickness, and adaptation training
achieved in slow rotation rooms is known to transfer to aviation

conditions. Attempts are currently being made to determine if

such training can also prevent the motion sickness elicited by head
movements in the microgravity phase of parabolic flight. Effects
of prism adaptation on susceptibility to motion sickness and on

enhancement of visual over otolith cues are also under investiga-
tion.

(3) While effective drug therapy is a major aim of NASA's life

sciences program, theoretical insights into how such drugs work

do not exist. At present there is no clear rationale for developing
such drugs. Drugs used to control space motion sickness are for

the most part the same drugs used on earth to treat motion sick-
ness. They include anticholinergic agents, such as scopolamine,

that block nuscarinic receptors and antihistaminic drugs such as
diphenhydramine or meclizine. These agents are effective in reduc-

ing symptoms in some individuals, but why they are ineffective
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in others or what part of the amelioration is due to a placebo

effect is unknown. Receptors for each of these drugs have been

demonstrated in the vestibular nuclei and posterior brainstem.

Since these receptors are widely distributed in other regions of the

brain, side effects associated with their use makes treatment in

high doses or for prolonged periods of time unsatisfactory.

Drug efficacy is usually determined by using provocative test-

ing on earth. The ultimate test, however, is on space travelers as

they are exposed to continuous microgravity. Confounding factors

in studies are the varying levels of flight crew activity, possible

variations in gastric motility affecting absorption, and the find-

ings that many of the crew who experience space motion sickness

have had no symptoms under even the most severe test condi-

tions on earth including parabolic flight. In view of the complex

operational demands made on the astronauts in-flight, there is a

limit to which they can be subjected to provocative testing. Also,
the motion environment or administration of antimotion sickness

drugs cannot be easily controlled. Research in this area will be

facilitated by the use of dedicated payload specialists whose main

function is to act as subjects in motion sickness studies.

Scientific Goals

The primary goal for research in space motion sickness is £o

identify its cause(s). In-flight experimental programs must evalu-

ate the validity of ground-based provocative tests, functional ca-

pacity tests, and other psychological and physiological procedures

in predicting susceptibility to space motion sickness. In-flight as-

sessments of payload specialists in whom the motion environment
and medicine intake are controlled are essential to evaluate the

efficacy of various ground-based preadaptation procedures, the

possible benefit of autogenic and biofeedback training regimens,

and the protective benefit of antimotion sickness drugs.

The identification of the brain region underlying motion sick-

ness should be a primary goal of ground-based research. This end

would be facilitated by the development of an animal model of
motion sickness that would be amenable to studies of the basic

neurophysiology of motion sickness and for testing drugs or other
treatment modalities.
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Scientific Objectives

1. To identify in humans the kinds of head movements and

visual-vestibular conflicts that are provocative in free fall.

2. To develop predictive tests of susceptibility and, thereby,

identify individuals requiring medication or preflight adaptation.

3. To develop effective symptom management and prevention

procedures. In this regard, ground-based parabolic flight and space

flight programs designed to understand etiological factors should

continue to be supported.

4. To define the basic mechanisms of space motion sickness.

5. To test classic theories of motion sickness including the

possible presence of a chemoreceptor trigger zone and a vomiting

center. Circuits that link visual or vestibular inputs to output

regions that produce symptoms and signs should be delineated. The
role of the vestibulo-cerebellum needs reevaluation.

6. To develop a rational basis for pharmaceutical develop-

ment. The analysis of neurotransmitter and receptor localizations

as demonstrated by immunocytochemical, receptor binding and elec-

trophysiological techniques should be the basis for such an effort.

Facility and Experimental Considerations

For understanding and treating space motion sickness in hu-
mans:

1. Aircraft for performing parabolic maneuvers to generate

periods of weightlessness.

2. In-flight Orbital Vestibular Research Facility is needed for

vestibular and postural testing, study of the VOR, and delivery of
provocative in-flight motion.

3. The success of spaceflight experiments depends on having

trained individuals (dedicated payload specialists) available with

adequate time lines. Experiments on space motion sickness are

best carried out with these individuals because it is essential to

be able to control the in-flight "exposure history" and use of

antimotion sickness drugs. Without such controls it is difficult to

obtain reliable information on susceptibility and eliciting factors.

4. A program should be established for ground-based research

on basic aspects of the generation of motion sickness, nausea, and

vomiting to develop a rational basis for therapy or preconditioning.

An important step in this research is to identify an adequate
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animalmodelof motionsicknessin whichprodromalsignscanbe
recognized,sothat effectsof motionstimuli or treatmentcanbe
studiedwithoutthenecessityforproducingvomiting.Conditioned
aversionto food associatedwith motion sicknessexperience,or
monitoringof autonomicsignsmaybeusefulasendpointsif they
canbevalidated.

Orbital VestibularResearchFacility

Investigationofvestibularfunctioninspacewill requireanOr-
bital VestibularResearchFacility (OVRF) suitedfor psychophys-
ical andneurophysiologicalexperiments.It shouldbedesignedto
handlehumanand animalsubjects.The deviceor devicesmust
be capableof deliveringboth transientand long-duration,pre-
ciselycontrolled,centrifugalforce. Subjectshaveto be oriented
at anydesiredanglewith respectto the forcevectorand there
is alsoa needfor preciselycontrolledangularaccelerationsabout
pitch, roll, and yaw axes,both in isolation and in combination
with linear forces.A lineartrack mustalsobepresentto deliver
preciselycontrolledtranslationalaccelerations.All motiondevices
shouldbeprovidedwith full-fieldvisualdisplayscapableof three-
dimensionalrotationsandtranslations.Horizontal,vertical,and
torsionaleyemovementsshouldbemonitoredby magneticsearch
coils.Thenecessaryobjectivescanbemetbyconstructingathree-
axis,high performancerotator that canbe placedat the endof
a centrifugeor on the linear track. The centrifugehasto be of
relativelylargedimensionssoasto minimizecross-coupledaccel-
erations.Thelinear trackshouldbesufficientlylongto maximize
the magnitudeof theforcethat canbedeliveredat anysemisolid
frequency.The designof the OVRFshouldbemodular,sothat
the rotator canbe flownseparatelyor matedto the centrifugeor
the linear track. The VestibularResearchFacility at AmesRe-
searchCenterwasdesignedwith manyof thesesameobjectivesin
mind and providesa convenientstarting placefor the designof
the OVRF.Whetherthe OVRFcanbeintegratedinto thedesign
of theVariableForceCentrifugewill haveto bedetermined.

In additionto the OVRF, thereis a needfor animalholding
facilities,for in-flight fixation of tissues,andfor dataprocessing.
A general-purposeneurophysiologicalmoduleshouldbedesigned.
It shouldbe capableof recordingeyemovements,the electrical
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activity of muscles (electromyography), and the activity of indi-
vidual neurons. There is also a need for a biomechanics module

to analyze the motions of the head and body, as well as the forces

acting on them.
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Bone and Mineral Metabolism

INTRODUCTION

Osteopenia, meaning less bone, as seen on x ray, has been con-

sistently reported as a physiological response to spaceflight. The

osteopenia associated with spaceflight has not as yet resulted in

the impaired function of bone. There has been only one reported

episode of kidney stones. This occurred in a Soviet cosmonaut.

Unfortunately, little information is available about the etiologi-

cal factors surrounding the episode. Despite the relative lack of

clinical problems, it seems likely that, as mission duration is pro-

longed, the osteopenia will result in clinically evident fractures.

For this reason it is essential to understand the pathophysiology

- of the osteopenia caused by space travel and to devise appropriate
countermeasures.

Bone Metabolic Processes

Our knowledge of the basic metabolic processes governing

bone has increased greatly over the last 10 to 15 years. There

are two major systems governing the metabolism of bone in the

adult. These are the bone remodeling system and the calcium

homeostatic system. The former is responsible for bone forma-

tion in adults. The latter regulates the calcium concentration of

plasma. These are two independent, but obviously interrelated,

processes. Changes originating in the calcium homeostatic system,

such as occur during hyperparathyroidism, very rapidly produce

111
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changes in bone remodeling. However, changes in the bone remod-

eling system, e.g., osteoporosis, rarely affect calcium homeostatic

processes.

The remodeling process is well-defined in time with bone re-

sorption preceding bone formation. The two processes (resorption

and formation) are closely interrelated and must be studied to-

gether. Changes in the process started in a one-week spaceflight

are not completed for months. Bone loss is not simply due to an

increase in the rate of bone resorption. It can also occur with
a decrease in the rate of bone formation. The basic function of

the bone-formation process in the adult is to replace bone lost

by resorption. The process of activation--bone resorption: bone

formation--is a sequential unit. Bone loss with age is considered

to be a modification of the unit. In fact, bone resorption may in

certain cases decrease with age, but the subsequent formation is

decreased even more. The result is a gradual net loss of bone.

The Calcium Homeostatic System

Many of the changes in the bone remodeling system may
be secondary to changes in calcium homeostasis. This second

system functions independently of the bone remodeling system

and has as its function the control and maintenance of plasma

calcium concentrations. The bone processes controlling plasma

calcium are centered at bone/fluid interfaces. They determine
the equilibrium between calcium influx into bone and its efflux

from bone. These fluxes move in excess of 6 grams of calcium

into and out of bone each day in a 70-kg male. This is in con-

trast to the 300 mg of calcium daily incorporated or released

from "formed" bone (i.e., formation and resorption). There are

two reasons for suggesting that the homeostatic system may play

an important role in the bone loss occurring during spaceflight.

(1) Over 25 times as much calcium is moved by this system

than by the normal process of bone remodeling in adult humans.

(2) Changes in the calcium homeostatic system produce observ-

able effects within hours, whereas changes in bone remodeling

generally take weeks to be identified. It would not be surprising,

for instance, if the first effect of microgravity was a temporary

disequilibrium between these high calcium flux rates and the es-

tablishment of new equilibrium levels. This could account for the

reports of an early rise in plasma calcium levels and an increased
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renal excretion of this ion. Changes in bone remodeling occur on

a longer time scale.
Past studies of bone loss have tended to focus on the bone

remodeling system. This situation is probably due to the fact
that the processes governing calcium homeostasis have not as yet
been as clearly defined as those involved in bone remodeling. That

the homeostatic processes form a metabolic system separate from
the bone remodeling process has been established, particularly by
recent work. The cellular control of hourly homeostasis probably

resides in osteocytes and lining cells rather than in the osteoclasts
and osteoblasts, which are responsible for bone remodeling, which

occurs over days.

Demineralization and Metabolic Changes

During Spaceflight

Since 1969 metabolic balance studies conducted on astronauts

in space flight have demonstrated increased excretion of calcium,

phosphate, magnesium, and nitrogen. Data available from the
Gemini, Apollo, Skylab, and long-term Soviet missions indicate
that the osteopenia resulting from microgravity is similar to that
occurring during bed rest but may actually be more severe, and
may not be completely reversible. Radiographic densitometry
measurements have been used to compare the mineral compo-
sition of bone before and after spaceflight. There appears to be
no bone loss in the radius and ulna but in some cases there was

significant loss of calcaneal density. Photon absorption measure-
ments show 19 percent loss of bone in the tibia for the long-term
Soviet missions. Recent fragmentary reports of Soviet CAT scans
show little or no evidence of vertebral bone loss, and possibly an

increase in vertebral density. There have been no histomorpho-
metric measurements of bone done on astronauts. In general, the

concentrations in the plasma and urine of some of the hormones
involved in calcium metabolism (cortisol, growth hormone, and in-

sulin) tend to increase during spaceflight. On the other hand, the
calcitropic hormones (PTH, calcitonin, 25-hydroxycholecalciferol)
do not change significantly. Calcium and phosphate concentrations

in the plasma do rise in some cases during spaceflight, but remain
within the normal range. Several metabolic variables need to be
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studied more intensively. These include the plasma concentra-

tions of calcitropic hormones, as well as the intestinal absorption

of calcium and its subsequent metabolism.

Bed Rest Studies

Bed rest studies have been used as ground-based simulations

of weightlessness. These investigations indicate an overall calcium

loss of the order of 0.5 percent per month. They show regional

bone density differences with vertebral and calcaneal losses, but no

losses in the density of the bones of the upper extremities. Bone

histomorphometric measurements have not been performed on

bed rested volunteers. Such measurements are, however, available

from iliac crest biopsies from paraplegics and quadriplegics. Re-

cent work suggests that pathogenesis of the osteopenia of weight-

lessness differs from that of the osteopenia of paralysis, which may

limit the value of such an approach. What is known about histo-

morphometric changes in bone from paralyzed humans is that the
trabecular bone volume is decreased and the cortices are thinned.

The volume of osteoid in the cancellous areas is slightly below
normal and the rate of calcification is low.

Animal Studies

It would appear, to date, that all of the experiments attempt-
ing to study pathogenesis during spaceflights have used rats. In

these experiments the parameters associated with bone resorption

and bone mineral density showed no significant changes. In some
cases, active bone formation was arrested. Proximal tibial and

humeral metaphyseal trabecular bone volume decreased. Lum-

bar vertebral bone turnover appeared to be slow. The mandible,

possibly because it is protected by the continued activity of the
chewing muscles, did not incur bone loss. Studies of rats sus-

pended in harnesses suggest that the bone loss resulting from the

unloading of the skeleton is local, rather than systemic. In stud-
ies on restrained monkeys, loss of cancellous bone from the axial

skeleton was significantly greater than loss of cortical bone from

three appendicular areas, the tibia, radius, and ulna.
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Analytical Techniques

There are several studies in progress that attempt to vali-

date computer tomography (CT) measurements of bone density

with photon absorption studies. Another project has the goal of

improving the sensitivity of dual photon absorptimetry. An im-

provement of analytic techniques would greatly facilitate future
research.

Countermeasures

Dietary supplements have been used to see if they could retard

the osteopenia associated with bed rest. A diet high in calcium and

phosphates delayed bone loss for the first three months of bed rest,

but failed to do so beyond this period. Salmon calcitonin failed

as a countermeasure. Diphosphonates, particularly clodronate,

prevented the rise in urinary calcium in a majority of bed rested

subjects. Unfortunately, clodronate had serious side effects, which
resulted in its withdrawal from the market.

Exercise countermeasures were tried in the Skylab missions.

These included the use of bicycle ergometers, Cybex machines,

treadmills, and spring regimens. The procedure did not decrease

urinary calcium loss, nor were they demonstrably effective in pre-

venting the loss of bone mineral. However, the lack of experimental

controls precludes a scientific explanation of these failures. The

Soviets use an exercise program intended to prevent bone loss and

muscle atrophy; few details are available concerning specific exer-

cise regimes or their efficacy. Muscle size and strength decrease

significantly in spaceflight, and there may be a negative nitro-

gen balance. How the changes in bone are affected by changes in

muscle has not been investigated in our own space program.

Several physical countermeasures have been tried in bed rested

subjects. Lower body negative pressure and intermittent longitu-

dinal compression in the supine position were ineffective in improv-

ing calcium balance. Quiet standing produced unreliable results.

Heel springs seemed to work but the bicycle ergometer did not.

Vigorous exercise in the supine position was ineffective. Impact

loads of 25 to 40 lb to the heel also had no effect. In fact, the

only procedure that was consistently effective involved extended

ambulation for a minimum of 4 h per day. The internal forces

exerted on the skeleton during normal walking are quite large and
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are impulsivein nature. To designa physicalregimecapableof
preventingbonelossin microgravitywhichdoesnot requirethe
generationof large,impulsiveforcesoverprolongedperiods,will
not bea trivial task. Basicunderstandingwill benecessary.

It is possiblethat an effectiveset of countermeasurescould
beeffectedwithout understandingof the underlyingmechanisms
responsiblefor bonelossin microgravity,bed rest, and related
situtations. At the sametime, an ambitiousprogramof basic
researchin this areamight not only permit the developmentof
countermeasuresat the cellularand extracellularlevel, it would
alsoprovidebasicinformation that would contributeto under-
standingandtreatingosteopenicdiseases.Thiswouldbeamajor
contributionto the healthof humankind.

MAJOR SCIENTIFIC GOALS

1. To compile description of the sequential changes that occur
in bone as a result of space travel.

2. To obtain detailed knowledge concerning the reversibility

of bone loss after return to earth. At this time no adequately

validated data exist on this question, from U.S. or Soviet sources,

and the urgency of the question will increase with increased flight
duration.

3. To understand the relations between muscular activity and

bone function and morphology, i. e., the biornechanics of bone health.

4. To develop countermeasures to prevent bone loss. These

should include exercise programs designed to provide known

stresses on the musculoskeletal system, particularly the axial and

lower appendicular skeleton. Presentation time and dynamics
should be considered in this connection.

5. To understand the cellular and extracellular causes pro-

ducing basic changes in bone metabolism leading to bone mineral
1088.

6. More generally, to understand the two major bone metabo-

lism processes in the adult human. It is of importance that research

into the causes of bone loss in zero gravity include studies of both

calcium homeostasis and the bone remodeling system, as well as
the interaction between the two.

7. To understand the processes by which urinary calculi are

formed and pathological calcification in general.
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8. To develop analytical biomechanics appropriate to micro-
gravity environments. Gravity adds great complexity to the study
of the mechanics of the musculoskeletal system. Normal gait at

the earth's surface involves a series of intricate optimizations for
the sake of efficiency, with periodic exchanges of potential and

kinetic energy (e.g., as in a pendulum), together with multiaxial
rotations of the knee joint and rotations of the pelvis. Redundant
muscle groups are active. These serve not only to produce force
and motion but also to reduce flexural stresses on the long bones
and to stabilize the curvature of the axial skeleton. This situation

is in essence a response to gravity. At this time almost nothing

is known of the biomechanics of microgravity. The surprising and
seemingly inconsistent Soviet reports of large losses in the lower
extremities and no loss in the axial skeleton may (if true) indicate a
lack of understanding of microgravity biomechanics on the part of

the biomedical community. What is certain is that the micrograv-
ity environment, with the removal of mechanical constraints that
have existed for the entire history of our species, offers dramatic

new opportunities for research in biomechanics. Less certain, but
highly probable, is that the absence of gravity will greatly simplify
certain types of experiments and theoretical analyses. Finally,

studies in microgravity may aid our understanding of the nature
of musculoskeletal adaptation to altered force environments.

These goals are specific to our problem; their broad implica-
tions are obvious. In this connection, it is not possible to separate
operational considerations, in particular the health, safety, vital-

ity, and performance of the crew, from the basic scientific question.
In order to obtain credible extrapolations for the condition of the

skeletons of the crew of a long-duration mission, in order to de-
velop countermeasures to resorption, and in order to understand
the functional limitations and hazards that will exist due to re-

sorption, basic knowledge of bone remodeling and its relationship

to calcium metabolism and basic knowledge of biomechanics will
be necessary. An example of this connection is the question of
whether a genetically determined baseline exists for bone mass.

The ultimate scientific test of this hypothesis exists in the micro-
gravity environment; the answer also represents an asymptote for

the crew of a long-duration mission. There is in fact an ethical

imperative to acquire the necessary basic knowledge in order to
meet the operational demands of such missions.
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ARCHITECTURE OF BONE

Bone Mass and Bone Structure

The mass of a bone reflects its mechanical and chemical envi-

ronment. There is a need for research directed specifically at what

is happening to the skeleton. Measurement of calcium absorption

and depletion, however carefully done, cannot provide a patho-

physiological understanding since a variety of possible mechanisms

can account for any calcium balance observation. Densitometric

studies cannot differentiate between osteomalacic changes (having

to do with inadequate usable calcium in the system) and osteoporo-

sis (having to do with loss of bone volume). The mineral content of

bone varies with age and condition. A larger volume of bone with

low calcium concentration may appear similar in densitometric
studies to a smaller volume of bone with normal calcium concen-

trations. Newly formed, unmineralized bone matrix is virtually

invisible to densitometry. What is sorely needed are measure-

ments of unmineralized matrix to determine whether the problem

is one of diminished bone density or decreased calcification of the

organic matrix. Such measurements require histomorphometry

from a bone biopsy.

Bone Quality

The issue of quality is most obvious for trabecular bone, where

the largest early changes due to microgravity are known to occur.

Changes in trabecular bone are almost without exception archi-

tectural, involving the shape, size, number, and especially connec-

tivity of the trabeculae. The properties of the bone, particularly

its mechanical strength, are very sensitive to these geometrical pa-

rameters. Such changes can have a profound effect on the viability

of the axial skeleton and the articulations of the long bones. The

development of osteoporosis (less bone volume) largely determines
the strength of bone. To understand the pathogenesis of osteo-

porosis, there is a need to assess the quality, macroarchitecture,

and degree of calcification of bone. This requires direct examina-

tion, which, although invasive, is also essential for understanding.
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Scientific Objective

To obtain accurate histomorphological and architectural de-

scriptions of the changes that occur in bone due to space travel.

Measurement Requirements

1. Histomorphometry, in an appropriate animal model, on the

axial skeleton and upper and lower appendages, regularly over time

periods of at least several months. Trabecular bone architecture

needs to be examined, especially in the axial skeleton.

2. Bone should be studied microscopically in its calcified state.

3. Vital stains, such as tetracycline and its derivatives, should
be used to mark the mineralized bone formed at various times

during the study.

4. Quantitative evaluation should be made of volume fractions

(i.e., fraction of space occupied by calcified bone), using stereolog-

ical or geographic techniques, by examining trabecular structure

quantitatively and by examination of the macroarchitecture and

microarchitecture of the cortical bone being studied. Included in
the latter should be ultrastructural and biochemical characteriza-

tion including identification of possible changes in the collagenous,

amorphous, and mineral phases.

5. Molecular and histomorphometric studies of ground-based

models appropriate to microgravity studies should be done. Ex-

tension of these studies to human volunteers is highly desirable,

but it will require the availability of noninvasive procedures to

measure bone density and architecture. CT scanning promises to

be a more reliable index, particularly of metaphyseal bone density.

The development of nondestructive measurement of bone elastic-

ity and anelasticity would be an especially valuable tool, even if

its use is confined to the bones of the arms and legs.

ANIMAL MODELS

Relevance of Animal Models

Most of the available data on microgravity osteopenia comes

from studies on rats. Unfortunately, the rat is not a particu-

larly good model for bone remodeling in adult humans. Mature

monkeys, dogs, and miniature pigs are known to have remodeling
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systemssimilar to that of man. Therat doesnot. Therat main-
thinsan immatureskeleton.It is difficult to separateremodeling
(adaptivechange)andmodeling(growthchange)fromeachother
in any immatureanimal,or in the rat, at any time. Moreover,
the primary boneof the rat is physiologicallyand metabolically

different from human bone. These facts alone would severely limit

the relevance of research with rats. The great advantage of rat ex-

perimentation is its cost, small size, and ease of handling. Efforts

must be made to identify those parts of the rat skeleton that can

serve as models of mature bone. The use of other species has to
be considered.

Duration of Experiment

In animal models as well as humans, experiments of short

duration will provide misleading data. Each experiment must

continue until there is substantial evidence that the remodeling

system has returned to equilibrium; lesser time periods will pro-

vide "transients," which will be difficult to interpret. A rapidly

produced bone loss (or gain) may be only temporary; following
equilibrium, the lasting rate of bone loss may be quite different.

Determining changes in bone remodeling will require histomor-

phometric analysis of bone samples. Changes that began at zero

gravity (or other experimental conditions) continue until equilib-

rium even if the conditions are changed. Thus carefully planned

and executed experiments covering suitably long periods of time

will be necessary if an accurate picture of the effect of microgravity

on bone remodeling is to be obtained.

Although rats are not particularly suitable for studies of bone

remodeling processes in humans, this may not be true for studies

seeking information concerning calcium interactions between fluid

and bone surfaces. The major problem in this area is that the

best research tools are radioactive isotopes. Such data are difficult

to interpret because the results are influenced by the previous

calcium intake as well as the relationship of administration of the

tag to current oral calcium intake.

Scientific Objective

1. To develop improved animal models/or the changes in bone

that occur in microgravity.
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MeasurementRequirements

1. A centrifugewith 1-gcapability,largeenoughforhumansor
at leastmedium-sizedprimates.As discussedabove,variousele-
mentsofthesystemsforcalciummetabolismandbonemetabolism
appearto havedistinctly differentresponsetimes.The ability to
turn gravityonandoff, andcorrelatehormonal,biochemical,and

cellular responses confers a unique opportunity to identify the

elements and the role(s) they play.
2. An animal holding facility suitable for primates as well as

smaller animals. As stated above, some of the research will require

primates.
3. Instrumentation for stress and strain.

4. Refrigeration and fast sample return for tissue and fluid

specimens.

5. Gravity requirements are probably best determined by

the minimum effective signal (MES) for bone remodeling, which
is not, at this time, precisely known. However we expect that no

measurements should be compromised by the expected operational
accelerations.

LOCAL AND SYSTEMIC EFFECTS

Localization

Both space-based and ground-based studies amply demon-

strate the regional nature of the changes that occur in bone during

exposure to microgravity or bed rest. It seems likely that mechan-

ical factors are responsible for this regionalization, since there are

large differences in the mechanical forces acting on the upper ex-

tremities, axial skeleton, and lower extremities, both in space and

in various model situations. An understanding of mechanical fac-

tors requires the direct measurement of bone strains and muscle
forces.

The Relationship Between Disuse Osteopenia and

Microgravity Osteopenia

That microgravity osteopenia is a variation of disuse osteope-

nia is an unproven assumption that may be incorrect. Effort must

be directed at trying to differentiate between the osteopenia of

disuse due to paralysis and that due to microgravity. For instance,
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paralysis may have a greater effect on muscle mass and bone circu-

lation than does microgravity. Circulatory changes may well have

a profound effect on bone mass.

Bone As an Organ

Bone has to be viewed as an organ. Studies of cellular mechan-

ics and tissue cultures are unlikely to demonstrate how bone, the

organ, will behave. Bones of different architectures can respond

very differently in any particular circumstance. With regard to

microgravity, cancellous bone will respond first. There must be

adequate study of the differences in response between trabecular

and cortical bone. Again, it is necessary to emphasize that rats

are a remarkably poor experimental model.

Calcium balance studies and bone densitometry studies pro-

vide, respectively, measures of skeletal retention or loss of calcium,

and how dense, to a given standard, the measured regions of the

bone are. Both techniques are advantageous in being noninva-
sive and are thus attractive to the researcher in bone metabolism.

Unfortunately, neither technique provides information as to bone

strength or to the underlying mechanisms responsible for the den-

sity changes. Bone strength is directly related not only to the

degree of calcification but also to the quality of the bone and to its

macroarchitecture. Bone density measurements cannot differenti-

ate between the loss of mass (osteoporosis) and deficiencies of bone

matrix calcification (osteomalacia). Calcium balance studies and

bone densitometry measurements give no indication of where the

bone is being lost or gained, i.e., endosteal, periosteal, or intracor-

tical, and no information as to the rate of change; both techniques

are essentially "black box" approaches.

With regard to measurement of blood parathyroid hormone

and vitamin D metabolite levels, we note that the control of the

level of blood serum calcium involves these substances, but the

control mechanisms are complex and highly multivariate.

Scientific Objectives

1. To obtain accurate descriptions of the changes in the bone

on a local basis, including changes in stresses, strains, and strain
rates.
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2. To deKneate the relationship between microgravity osteo-
penis and the other types of osteopenia.

3. To describe bone as an organ, with organisms and operating

systems on higher and more complez levels than studies on the
molecular and cellular scales would indicate.

Measurement Requirements

1. Significantly improved methods for measurement of the
levels of calcitropic hormones in serum. Studies of calcium home-

ostasis are currently limited by the reliability and availability of
analytical capability.

2. Direct measurement of strain and strain rate. Because

such measurements are invasive, the use of human volunteers is
probably not justifiable. Similarly, the volunteer bed rest program

is not appropriate to this end. Appropriate animal models should
be used. Restrained monkeys would appear to be a suitable model
as they can be taught sophisticated exercise programs. In vivo
longitudinal modeling of strain and strain rate must be carried
out. There is considerable evidence at this time to suggest that

impulsive loading has the most profound effect, relatively speaking,
on the formation of bone.

3. Histomorphometric measurements, when made, should be

accompanied by measurements of strain and strain rates on the
bones studied.

4. Radiographic facility, including quantitative imaging for

bone loss. At this time such a facility is a scientific objective as
much as it is a requirement.

COUNTERMEASURES

Background

Medical history contains many examples of diseases for which
successful treatment predates understanding of the pathophysiol-
ogy. On the other hand, treatment regimens based on an under-
standing of the disease process tend to be safer and more reliable.
It must be understood that microgravity osteopenia is not a disease
but rather a functional adaptation that is driven by the changes
in skeletal forces that occur when the musculoskeletal system is

no longer subject to gravitationally induced loading. The involve-
ment of other factors, such as vascular changes, is not strongly
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supported by available evidence. Since appropriate countermea-

sures are vital to a continuation of the NASA space program, it
is reasonable to seek countermeasures at the same time that the

research on pathogenesis is being carried out.

As implied above, the central and major assumption that

should be made is that mechanical factors are responsible for mi-

crogravity osteopenia. The extreme variability of effectiveness of

mechanical countermeasures, which have been attempted on an ad

hoc basis, strongly suggests the necessity of biomechanical anal-

ysis. Only certain types of exercise will be effective in increasing

bone formation or decreasing turnover. By way of example, the

arms of tennis players have increased bone density, but not the

legs of joggers. Different exercise creates different strains at dif-

ferent rates and different strain histories, and the unreliability of

the countermeasures thus far attempted is, in this connection, not

unexpected. If in fact the osteopenia is due to the reduction in

strain on the bones due to the reduction in gravitational forces

on the skeleton, then it is necessary to measure the alteration in

strain parameters. Only in this way will it be known what exercise

regimens replace the missing mechanical stimuli and duplicate

the missing strains. In addition, recent developments in sports
medicine and related fields indicate that the strain rate is also a

critical variable. Certainly, it is important to note that jogging on

a treadmill in rnicrogravity is very different, in terms of skeletal

forces, than, for example, walking in normal gravity, and there is

no reason to expect the effects on bone metabolism to be similar.

Scientific Objective

To obtain the biomechanical data necessary to develop adequate

mechanical countermeasures to microgravity osteopenia.

Measurement Requirements

1. Initial countermeasure studies should be limited to ground-

based experiments, as there is probably a significant alteration in

degree of mechanical factors acting on various crew members of a

space mission, each of whom have differing responsibilities while in

space. The reason some astronauts/cosmonauts respond to spring

resistance exercises may be the result of how vigorously (and at

what strain rate) they perform them. Ground-based studies will
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permit the investigators to be sure that all subjects have significant
bone loss before beginning an exercise program; this would be an
impractical constraint on flight crews.

2. Once it has become apparent which exercise programs cre-
ate the missing mechanical input to the bones, bed rest volunteer

study subjects could be used to determine whether such exercise
programs do, in fact, prevent bone loss. Validation of CT mea-

surements of bone density with histomorphometric measurements
in the monkeys should permit the study, using noninvasive CT

measurements, of bone loss in human volunteers subjected to par-
ticular exercise programs, thus obviating the need for bone biopsy
in humans. The noninvasive approach also allows serial determi-
nations in the same subject.

3. For microgravity environments, the equivalent of what is
called, at the earth's surface, gait analysis, must be developed. At
this time the forces on the skeleton in microgravity environments

are not known. Instrumentation must be developed to measure
such forces. In all likelihood, the necessary instrumentation (typ-

ically, goniometers and LEDs) can be easily built into space suits
and would probably be useful in other types of research as well.
Besides the importance in understanding bone loss, such instru-

mentation should be very useful in analyzing, e.g., the biome-
chanics of EVA, which should be very important in planning the
construction of space stations. Specifically, the need will exist for:

a. Instrumentation for the biomechanical measurement of force

and displacement.

b. Instrumentation (e.g., video, with goniometers) for motion
analysis and corresponding computational capabilities.

THE ROLE OF MUSCLE

Given the central assumption of the previous section, it is
important to note that skeletal stresses and strains are dominated
by muscle forces; very large muscle forces are used to counteract
gravity during normal locomotion. Muscle forces, even those ex-

erted just to maintain equilibria of some sort, are always several
times greater than the external loads associated with such forces,

since muscles always act on the shorter lever arm in the skeleton.
Although the situation is sometimes complicated by the action of
antagonistic muscle groups, it is clear, for example, that in or-
dinary walking the abductor muscles of the hip exert forces that
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are several times the weight of the body. An instructive thera-
peutic example may be found in the literature on poliomyelitis
rehabilitation. In general, disuse osteopenia was not corrected by
manipulation of a passive patient. Only when muscle forces were

exerted did the recovery process begin.
Some muscles lose 50 percent of their mass within 5 days

of being subjected to reduced activity, and the forces they exert

on the bone will be correspondingly reduced. Thus, although
countermeasures based on activity rather than force have not been
effective, the loss of muscle mass due to inactivity may eventually
result in a reduction of skeletal strain. In any case, the well-being
of muscle and bone are clearly intertwined and this should be

reflected in the planned research.

Scientific Objective

1. To obtain a description of the changes in the muscular

system in su_cient detail to support the objectives abovementioned
in bone and mineral metabolism.

Measurement Requirements

1. Clearly, the biomechanical instrumentation, discussed above

in the section on Countermeasures (p. 123), will be important in
this connection as well. The intra-articular forces and stresses

and strains on the skeletal system will be produced largely by the
muscles.

2. Electromyographic instrumentation.

GROUND-BASED AND SPACE-BASED
STRATEGIES

A substantial well-correlated ground-based component is nec-

essary, including histomorphological molecular studies, and the
baseline countermeasures studies. Noninvasive ground-based val-
idations on human volunteers will be necessary for the results

of the in-flight experiments on animal models involving invasive
methods. A considerable ground-based effort will be required to

develop and refine analytical tools, e.g., noninvasive measurement
of mechanical properties of bone and improved calcitropic hor-
mone assay. Some components are uniquely space-based, e.g., the

animal experiments and, more particularly, microgravity biome-
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chanics.With regard to personnel, the various experiments will
require training at least on the level of laboratory technician in
biomechanics and associated instrumentation, primate handling,

EMG, radiography, and possibly pathology.
In the matter of musculoskeletal biomechanics the ground-

based approaches will be limited by the complexity of the response
of the musculoskeletal system to gravitational forces and to exter-

nal forces in general. By way of example, the shape of the axial
skeleton is controlled by hundreds of muscles, all in response to
gravitational forces, with a degree of complication that has to this

day defied detailed analysis. Normal ambulation, involving multi-
axial rotations for the sake of energy efficiency, is, on the earth's
surface, deceptively complex. In many respects the microgravity
environment represents a simplification of almost Newtonian pro-

portions. Musculoskeletal biomechanics should be substantially
and fundamentally advanced by space experimentation, as well
as being necessary to the mission itself in terms of the deminer-

alization problem, EVA, and sensorimotor research. The shape
towards which the mammalian skeleton adapts in microgravity
and the mechanisms of adaption involve fundamental questions.
Resolution of such questions, even in part, would add greatly to

our knowledge of skeletal development and metabolism.

ON IMPLEMENTATION

It is clear that space travel presents the opportunity and
the necessity to advance the understanding of bone and mineral
metabolism. Here, a unified approach has much to recommend it.

A complete understanding of bone remodeling would include de-
scriptions of the biomechanical stimuli, the skeletal signals (e.g.,

bioelectrical) that are evoked, the systemic and cellular entities
that respond to the signals, the nature of the systemic and cel-
lular responses, and the final result (i.e., the architecture) from

the macroscopic to the ultrastructural scales, and the mechanical
properties that correspond to these structures. This chapter fo-
cused the very beginning and ending of the process, to the nature
of the initial stimulus and the final result, as understanding of

these steps must underlie any progress in understanding causality
and mechanism. Such understanding does not at present exist.

However, it would be wasteful and even imprudent to undertake
such studies in isolation. Unification is necessary.
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Cardiovascular and Pulmonary Systems

INTRODUCTION

The cardiovascular system guarantees the flow of metabolites,
heat, and hormonal substances to and from all cells in the body,
and it is also involved in the exchange of materials and energy

between the body and the external environment. The external ex-
changes occur in the kidney, lungs, and skin. The system consists

of pumps--the right and left hearts--and of tubes--the vascular
system. The vascular part of the system is subdivided into the

systemic and pulmonary circulations, each with arteries, capil-
lary and lymphatic vessels, and venous returns. The system is
regulated by autonomic reflexes and by neurohormonal controls.
In addition, the blood flow through capillaries is under the local
control of such factors as the availability of oxygen and the ac-

cumulation of carbon dioxide, hydrogen ions, various metabolites,
and locally generated control factors. The local and more global
controls serve to regulate blood pressure, blood volume, cardiac

output, and local blood flows. The regulatory systems are called
into play by a variety of perturbations. One such perturbation
occurs when the effect of gravity on the cardiovascular system is

altered. This happens when a subject moves from an erect to a
recumbent position or when a subject is placed in the microgravity

environment of orbital flight. This chapter considers the adapta-
tion to altered gravity and the regulatory mechanisms that may
be involved.

128
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CARDIOVASCULAR ADAPTATION TO ALTERED

GRAVITATIONAL STIMULATION

In a standing human being, gravity acts to increase the pres-

sure in blood vessels below the heart above intracardiac pressures

and to decrease the pressure in vessels above the heart. Blood

flow to the lower extremities is favored, while that to the upper

limbs and head is impeded. Rapidly acting baroceptive reflexes

involving the autonomic nervous system provide the major means

of adjusting to these gravitational effects, especially to assure an

adequate blood flow to the brain.

Now consider what happens when a subject moves into a

recumbent position or is placed into a microgravity environment.

In either case, the hydrostatic effects of gravity are reduced and

the blood is redistributed. Approximately 0.6 to 2.0 liters of

blood leave the lower body and move to the torso, neck, and

head. As a result of this redistribution, legs become thinner and

faces become puffy. Blood accumulates at the level of the heart,

causing distention of the right and left atria. The walls of the atria

contain mechanoreceptors that are sensitive to variations in stretch

or local volume. Atrial distention is interpreted as a real blood

overload and, through a variety of neuroendocrine reflexes, there

is a diuresis, i.e., an increased urinary output. The result of the

diuresis is a rapid loss of 2 to 4 liters of fluid. The process continues

until the atrial distention returns to normal. According to current

information, the fluid loss that occurs in space is completed in four
days.

Possible Sites of the Adaptation to Altered Gravity

Microcirculation

The cardiovascular system is a follower that responds to the

demands set by the metabolic needs of tissues, by the needs for

thermoregulation, and by mental states such as excitement of

the anticipation of exercise. The metabolic needs of tissues usu-

ally determine cardiovascular state by controlling the local flow

of blood through capillaries. The regulation is accomplished by

the adjustment of the tension of smooth muscles in small arteries

and arterioles and the regulation of the permeability of capillary

walls, both of which can be influenced by the action of regional
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chemicals such as kinins, histamines, paracrines, metabolites, or

even growth factors from peripheral nerve nets. The local controls

are sufficiently powerful that the microcirculation normally oper-

ates in a gravity-compensated fashion. In an erect, slowly walking

person, the hands may be transiently above the heart, below the

heart, or at heart level. In any of these positions, the tissue needs

of the hands will be met by controls that provide a rapid, powerful

and automatic regulation of capillary blood flow. The principles

of microvascular exchange have been extensively studied. The

conclusion is that postural shifts of vascular and interstitial fluid

volume, should have little, if any, influence on microcirculatory

function and that capillary exchanges will be normal in micro-

gravity.

In considering the global adaptations to altered gravity stim-

ulation, including microgravity, we have to look elsewhere--at

the heart, at the macrovasculature (arteries and veins), and at

neuroendocrine regulatory mechanisms.

Macrovasculature

The macrovasculature has variable resistances (particularly

on the arterial side) and variable compliances (particularly on the

venous side). The distribution of pressures, volumes, and flows in
the circulatory system is determined by the cardiac output and the

patterns of these resistances and compliances. To understand the

state of the macrocirculation in, say, microgravity, it is necessary

to conduct experiments that can measure the cardiac output and

the settings of these resistances and compliances. The limited

evidence available suggests that venous compliance is decreased

and peripheral resistance is increased in microgravity, but the data

are far from certain. Large vessels contain receptors for monitoring

and regulating the circulation by way of nervous reflexes. The

role of these reflexes in the adaptation to microgravity is, as yet,

unclear.

Heart

The state of the heart is influenced by many factors:

• The diastolic volume, i.e., the amount of blood contained

in the heart just before the start of each heart beat (Frank-Starling

law). This volume will be increased by the headward shift of fluids

that occurs in microgravity or during recumbency.
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• The hydraulic resistance of the peripheral circulation. This

resistance largely determines the work of the heart at any stroke
volume.

• Catecholamines released from the sympathetic nerves in-

nervating the heart and from the adrenal medulla. During excite-
ment especially, these hormones increase both the heart rate and

the strength of cardiac contractions.

In space travel, the early excitement of lift-off and the head-
ward fluid shifts act in a direction that stimulates cardiac activ-

ity. Furthermore, the metabolism of the heart is raised when the
peripheral resistance increases. But there is also, as noted pre-
viously, a net loss of blood volume will serve to decrease cardiac

work and metabolism by lowering blood volume. Because these

various influences oppose one another and the relative magnitudes
of their effects are uncertain, we do not know the exact status

of the heart (and circulation) during exposure to the space en-
vironment. Echocardiographic observations in Skylab astronauts
postflight indicated small decreases in stroke volume, left ven-
tricular end-diastolic volume and estimated left ventricular mass.
Similar measurements in cosmonauts showed a more substantial

decrease in cardiac muscle. There is simply too little information
to decide whether the heart is in a normal condition, hypodynamic

and undergoing atrophy, or hyperdynamic and becoming hyper-
trophic. These are fundamental issues that can only be settled by
further research.

The focus of the next round of cardiovascular studies should

be on establishing the status of the venous side of the systemic
circulation, the status of the heart, and the overall integration of

the cardiovascular system by neuroendocrine and other regulatory
mechanisms.

I_leuroendocrine and Neural Regulation

Studies of the neuroendocrine regulation of the cardiovas-
cular system are important in understanding the adaptation to

microgravity and may also provide a basis for pharmacological in-
tervention to enhance the adaptation to space and, perhaps more
importantly, the readaptation that occurs on return to earth. The
neuroendocrine control arrangements include at least the following
features.
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(1) Fluid volume regulation by the kidney is under the control
of various hormones. Those that act rather specifically on the
kidney are aldosterone from the adrenal cortex, antidiuretic hor-

mone (ADH) from the posterior pituitary, and atrial natriuretic
peptide (ANP) from the heart. ANP is released into the gen-
eral circulators and inhibits sodium reabsorption by renal tubules.

No neural pathway is involved. In contrast, ADH is inhibited by
stretch of the right atrium through a neural pathway that even-
tually reaches the posterior pituitary. The rate of release of ADH
into the general circulation is decreased so that the kidney excretes
more water whenever there is an increase in central blood volume.

Aldosterone is part of a so-called renin-angiotensin-aldosterone

system. Hydraulic and neural signals within the kidney produce
renin, which converts angiotensin, a circulating polypeptide, into
an active form that stimulates aldosterone release from the adrenal

cortex. Aldosterone, in turn, stimulates sodium reabsorption in
the kidney. An increase in central blood volume increases ANF
and decreases ADH and aldosterone. The result, as illustrated in

Figure 6.1, is a diuresis and a decrease in circulating blood volume.
(2) Increases in central venous pressure cardiac chamber size

and stroke volume influence the activity of the autonomic nervous

system, which acts on the heart, blood vessels, and the renin-
angiotensin-aldosterone system. In addition, the adrenal medulla
can release epinephrine and norpinephrine into the general circu-

lation, where they reach cardiac and vascular receptors of various
kinds.

(3) In addition to the specific neuroendocrine mechanisms de-
scribed above, there is a more general effect exerted by cortisol,
another adrenal cortical hormone. Cortisol modulates the sensitiv-

ity of vascular receptors to catecholamine hormones and possibly

influences receptors to other factors. The cortisol effects usually
take minutes to hours, whereas the other neuroendocrine effects
are more immediate, often occurring within seconds to minutes.

Although the influence of each of the described mechanisms

on cardiovascular regulation has been amply documented, their

integration into a single, adaptive response is far from understood.
Furthermore, many of the mechanisms have been discovered in
animals, but have not yet been demonstrated in humans. For

these reasons, the scheme presented in Figure 6.1 must be con-
sidered provisional with respect to human physiology in space.
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There are many opportunities for the study of the neuroendocrine
states achieved by man in microgravity. These can be compared
with his endocrine status on earth. There are many inhibitors or
antagonists, as well as agonists that can adjust neuroendocrine

responses. Detailed studies of cardiovascular neuroendocrine con-
trol, both on earth and in microgravity, may provide a basis for

pharmacological interventions to alter the operating point of the
cardiovascular system should that prove desirable. In order to
understand the actions of hormones, one has to take into account
changes in receptors, since these may undergo variations in their
numbers per cell--"up or down regulations"--which change the
gain of the system.

EARTH-BASED MODELS OF VARYING
GRAVITATIONAL FORCES

The usual effects of gravity on the distribution of blood in the
upright position can be exaggerated in at least four ways:

(1) During quiet standing, the muscular contractions in the
lower extremities, which aid venous return, are reduced. The

result is a gravity-induced pooling of blood in the legs.
(2) Placing a subject on a tilt table further reduces the mus-

cular contributions to venous return.

(3) Application of lower-body negative pressure traps blood
in the legs.

(4) The gravitational force can be increased by placing the

subject with legs out on a centrifuge.

Conversely, the microgravity effects of orbital flight can be

simulated, in part, by whole-body water immersion or by pro-
longed bedrest, usually with slight head-down tilt. These pro-
cedures simulate microgravity by reducing hydrostatic gradients.

Yet, there is no exact terrestial equivalent for the microgravity

conditions of orbital flight. Ultimately, we must conduct exper-
iments in orbital flight to test man's cardiovascular adaptability
for prolonged duty in space. This does not mean that terrestial

studies on subjects at bed rest are useless; quite the contrary, such
studies have taught us much of what we know about the probable
state of the circulation under microgravity conditions.

In earth-based simulation studies, the headward fluid shift
with bed rest creates changes in stroke volume and cardiac output
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that occur in at least three stages. Initially an enlarged central

circulating blood volume leads to an increase in both ventricular
filling pressure and heart volume. These changes augment stroke
volume and cardiac output. The various neurohumoral mecha-
nisms that regulate central blood volume operate over the next
24 h or so to ameliorate the detected central volume overload. A

diuresis occurs. This fluid excretion reduces blood volume, venous

pressure, end-diastolic cardiac volume, and cardiac output. Later,
a third stage of adaptation is reached. During this phase, cardiac

output and stroke volume continue to decrease and eventually sta-
bilize at significantly lower levels as compared with pre-bed rest
values. These changes are consistent with decreased circulating
blood volume, a decrease in oxygen demand, loss of muscle mass,
and decreases in circulation to specific muscle beds such as those

in the leg. We might expect, although it has never been shown,

that similar changes are occurring during prolonged spaceflights.

PULMONARY SYSTEM, VENTILATION
AND CIRCULATION

At the earth's surface, lung function is affected by gravity.
During standing, as compared to recumbency, there is a reduction

in pulmonary blood flow due to pooling in the lower body, and
regional blood flow within the lung is greatest towards the bottom.
There is a gradient in pleural pressure and of lung gas volume due

to the weight of the lung in the thorax. Additional gradients down
the lung exist for ventilation and blood flow. The result is that at
the end of a normal breath, the lungs are more expanded near the

top, where there is a maximum in the ratio of ventilation-to-blood
perfusion. Recumbency shifts the maximum to lower locations.

Despite this, posture has little effect on oxygen and carbon dioxide
transfer. Pulmonary function is considerably altered by increased
gravitational forces.

Although microgravity-induced changes in regional lung dis-

tention, ventilation perfusion, and ventilation-to-perfusion ratio
are likely to improve pulmonary gas exchange during rest, we do
not know the maximum working oxygen consumption possible in

a microgravity-conditioned astronaut, his capacity for arm work,
and whether these will be adequate for his assigned tasks. This
is an important area for investigation since the lungs may become
sensitive to alterations in gravity during exercise. Changes in the
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gas exchange and the mechanical properties of the lung and their

consequences on arterial blood gas and on acid-base status need

to be established in space for basal conditions, normal workloads,

and maximal exertion. In addition, we do not know how the respi-

ratory control mechanisms, the diaphragm and other respiratory

muscles, and gas exchange will be affected by reentry into the 1-g
environment of earth.

READAPTATION TO THE EARTH'S

ENVIRONMENT

After return to earth, all astronauts and cosmonauts have

exhibited some degree of cardiovascular deconditioning. There is

an orthostatic (postural) intolerance, reflected by blood pressure

(a tendency to subnormal) and only partially compensated for by

exaggerated heart rate and blood pressure responses to standing,

head-up tilting, or the application of lower-body negative pressure

(LBNP). The measured responses include tachycardia, a drop in

systolic pressure, and a decrease of the pulse pressure. Fatigue,

light-headedness, and reduced exercise tolerance have also been re-

ported. The postflight duration of cardiovascular symptoms have

typically ranged from 2 to 5 days. There has, however, been con-

siderable variation in the time required for readaptation. Skylab 3

and 4 crewmembers returned to preflight cardiovascular status

within 5 days, while the Skylab 2 crew required 21 days. Increased

in-flight exercise was thought to be a factor in the improved recov-

ery rate experienced in the later Skylab missions. In one Soviet

mission, full recovery required 30 days.

COUNTERMEASURES

Various measures have been tried to enhance the postflight

recovery of cardiovascular function. These have included in-flight

exercises and repeated application of LBNP, venous occlusion, pre-

reentry oral consumption of fluids and electrolytes, and postflight

supportive measures including use of antigravity suits, which in-

crease the pressure on the lower body and prevent pooling of blood

in the legs upon return to earth. In addition, drugs and hormones

have been tried experimentally. Among the more promising coun-

termeasures, as measured by postflight recovery rates, are in-flight

exercises, repeated in-flight application of LBNP, replacement of
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fluids and electrolytes, and antigravity suits. None of these mea-
sures has been evaluated in controlled experiments, so their effi-
cacy is uncertain. The one clear finding is that, following flights

of short durations, postflight symptoms can be reduced to a few
days, even if the precise reasons for the reduction are not entirely

understood. This suggests that a systematic study of counter-
measures could provide considerable operational dividends. While
postflight recovery has apparently not depended on mission du-

ration, it is unclear that this conclusion would hold for missions
lasting several years.

COMMENTS

Below are five comments on the present state of our knowledge
about the human cardiovascular and pulmonary systems as they

operate under conditions of microgravity.

(1) In the current literature, there is a confounding of the
effects of cardiovascular deconditioning from a state of high ath-
letic training, with those of primary adaptations to microgravity.
Even in ground-based bed rest studies, changes in cardiovascular

status occur more rapidly and dramatically in athletically trained
than in sedentary subjects. Most astronauts have been in athletic
training prior to spaceflight. Some of the acute changes in their

cardiovascular systems may not have been specific to the space en-
vironment, but may merely have represented the ordinary changes
that occur when a person in athletic training becomes sedentary.

(2) Many of the acute cardiovascular changes that accompany
the headward shift of fluid may represent an appropriate adapta-
tion to microgravity. If this is so, then introducing countermea-
sures early in flights of long duration may be counterproductive.

It might, for example, make sense to promote the adaptation to
microgravity at the start of flight and, then, near the end of the
mission to begin regimens that facilitate the readaptation that will
occur upon return to earth.

(3) Many things do not happen in spaceflight--at least as far
as is known. In general, the cardiovascular system functions well in
spaceflight. On the other hand, the successful adaptation may be

viewed as directly responsible for the cardiovascular dysfunction
that is apparent upon return to normal gravity. There is an alter-
native view--that the normal regulatory mechanisms are unable
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to deal with the fluid shift that occurs upon entry into micrograv-

ity, so that there is a sustained hyperdynamic circulatory state

that has the potential of causing myocardial dysfunction even in

space. Although all of the evidence collected to date supports the

former view, more research is required to settle the issue. So far,

it appears that pulmonary function is normal in space, and those

astronauts who have participated in extravehicular activity have
delivered transient, high power outputs that have been success-

fully supported by their cardiovascular and pulmonary systems.

The quantification of such power outputs should be made so that

realistic estimates can be made of man's maximum performance
in space.

(4) Although bed rest or water immersion are not perfect sim-

ulations of the microgravity effects on the human cardiovascular

and pulmonary systems, they have value in suggesting possible

adaptations and mechanisms pertinent to space physiology.

(5) Because of his erect posture, man's adaptations to gravity

are qualitatively different from those of most animals, which have

a quadripedal posture. For that reason, man is the most suitable

subject for studies relating to his adaptation to normal or altered
gravity.

SCIENTIFIC G OALS

1. To understand the cardiovascular and pulmonary adapta-

tion to microgravity. The adaptation is best studied by recog-

nizing three time frames, each with its own phenomena. Acute

(0-2 weeks): What are the initial adaptive processes and what are

their mechanisms? Medium-term (2 weeks to 3 months): Does the

initial adaptation progress, stop, or reverse? Long-term (from 3

months to several years): Does man reach a steady state and, if so,

what are its characteristics? Are all of the responses to long-term

spaceflight beneficial? If some of the changes are deleterious, are

their consequences sufficiently serious to warrant in-flight inter-
vention?

2. To determine the relation between the cardiovascular and

pulmonary adaptations of spaceflight and those occurring in earth-

based models such as bed rest and, so, to ascertain if the space

environment offers any unique advantages for the study of man's

cardiovascular and pulmonary adaptations to variations in gravi-
tational stimulation.
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3. To develop adequate measures that will hasten man's adap-

tation to raierogravity and to his reentry to earth.

Measurement Requirements

Acute and Medium-Term Measurements

The measurement requirements for the acute and medium-

term periods are identical. Experimental schedules are based on
the experience arising from bed rest studies and data from space-

flight experiments.

1. Central venous pressure should be measured by an in-

dwelling catheter placed as close to the superior vena cava as
is safe. Measurements should be done before and during flight

through a catheter inserted preflight. Cardiac output, stroke
volume, and left ventricular chamber and wall dimensions and

contractile performance need to be estimated by echocardiog-
raphy. Standard measures of cardiovascular function, including
heart rate, systolic and diastolic pressures, and electrocardiogra-
phy should be obtained. The measurements should start as early
as possible after reaching orbit and should be made continuously,

especially during the first few days of the mission. All of the mea-
suring devices should be designed to permit easy movement both
in the space vehicle and on earth.

2. There should be daily measures of lung volumes, airflow,

gas distribution, diffusing capacity, respiratory dead space, and

breathing patterns.
3. Measures of water and salt intake and of total daily urinary

output should be done for at least two weeks to determine the
magnitude and time course of the expected fluid losses and diuresis.

4. Measurements are required of plasma and urinary con-

centrations of various hormones, including ADH, catecholamines,

renin, angiotensin, aldosterone, prostaglandins, and perhaps ANF.
These should be done hourly during the first mission day, every
six hours during the next three days, daily for the next two weeks
and twice weekly for the remainder of the mission. The pattern
of hormonal changes should be compared with the time course of

changes in the physiological responses that underlie the adaptation
to microgravity.
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5. The frequency of testing during the early part of the mission

will require dedicated subjects and dedicated payload and mission
specialists to conduct the experiments.

6. In-flight measures of neuroendocrine reflex competence
need to be done on a weekly basis. Tests should include the ability
to excrete volume loads and to resist orthostatic hypotension, such
as might be produced by LBNP or on a 1-g centrifuge. Tests of

the physiological responses to the administration of particular hor-
mones should be considered in an attempt to determine receptor
sensitivity.

7. Postflight cardiovascular and pulmonary function should
be assessed by a battery of tests, including tilt-table and LBNP
measures of orthostatic competence; treadmill exercise; and arm

and leg exercises with the subjects in both upright and supine
positions. These latter studies will require a specially constructed
bicycle ergometer.

8. All of the above observations should be compared in two
groups of individuals: those who have and those who have not been

in athletic conditioning preflight. This is necessary to eliminate

the confusion between the effects of athletic deconditioning and
those of microgravity per se. If such comparisons are not possible,

it would be better to use subjects that are not in a state of high
athletic conditioning preflight.

9. In-flight or postflight countermeasures will have to be
strictly controlled if we are to determine their efficiency. In short-

and medium-duration flights, some subjects should not receive any
in-flight countermeasures. This is the only way to assess the full

impact of microgravity on cardiovascular and pulmonary function.
The effect of postflight countermeasures should be evaluated by

dividing subjects into two groups: (1) a control group allowed
to do as it pleases with respect to getting up and lying down,

eating and drinking, and exercising and (2) a comparision group
on whom selected countermeasures would be strictly imposed. To

investigate in-flight countermeasures would also require two sets of
subjects: (1) crewmembers going about their daily activities and
(2) a group subjected to a well-defined countermeasure regime.

The various countermeasures that warrant investigation include
active in-flight exercise or stressing with LBNP, oral fluid and elec-

trolyte replacement just before reentry, and the use of antigravity
suits after return to earth. The cardiovascular and pulmonary
states preflight and postflight should be compared by a battery
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of tests involving measurements of cardiovascular and pulmonary
function during quiet standing and during various stresses--tilt

table, LBNP, and graded exercises involving the arms, the legs,
or both. The exercise tests should be done on the aforementioned

bicycle ergometer.
10. The controlled experiments on countermeasures should

be supplemented by more informal, operational studies. Detailed

logs should be kept on crewmembers concerning their state of pre-
flight athletic conditioning and their general medical, cardiovascu-
lar, and pulmonary status; their activities during flight, including
exercise regimens and medication; and countermeasures used in-
flight, just before and during reentry, and postflight. Tests of
cardiovascular competence involving the use of LBNP and the re-

sponse to various levels of exercise, should be conducted preflight,
biweekly in-flight, and daily in the immediate postflight period.
The aim of these studies is to identify factors responsible for the

fact that postflight cardiovascular readaptation to return to earth

has ranged from a few days to several weeks.
11. The results of spaceflight experiments should be compared

with those obtained in various ground-based models of micrograv-

ity, including prolonged bed rest and water immersion.

Long-Term Measurements

1. One goal of these studies is to determine whether or not
man reaches a cardiovascular steady state during prolonged space-

flight. For this reason, the experimental protocols listed above,
especially measurement requirements 1 through 6, should be re-
peated, although not so frequently after long sojourns in space.
The results should be compared with those obtained in short- and
medium-duration missions.

2. Emphasis should be placed on measuring the cardiovascu-

lar, metabolic, and pulmonary responses to exercise challenges. It
would be important to know the levels of maximum transient work

output that are possible after long periods in space in subjects in
which countermeasures are or are not employed. Standard bicycle

ergometry with monitoring of the electrocardiogram and of respi-
ratory function would be sufficient to analyze exercise tolerance.

3. Studies of countermeasures should be designed with the

following questions in mind. (1) When should countermeasures
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be started, or must countermeasures be used throughout long-

duration missions? (2) Which combination of in-flight and post-

flight countermeasures are most effficacious--in-flight exercise, in-

flight exposure to LBNP, fluid and electrolyte replacement, anti-

gravity suits, or other procedures. (3) Are there any new measures,

including drug treatments, that offer advantages?

Instrumentation Requirements

The instrumentation required to meet the measurement re-

quirements described above includes:

1. Physiologic monitoring devices to measure multiple pres-
sures and electrocardiographic signals.

2. Basic respiratory function laboratory equipment including

a small mass spectrometer to measure blood gasses.

3. Radionuclide counting facilities for isotope studies in man.

4. A state-of-the-art echocardiographic system including ad-
vanced Doppler facilities.

5. Image analysis workstation.

6. Multichannel recording devices (with redundancy).
7. A specially constructed bicycle ergometer.

8. On-board computer facilities to analyze, integrate, display,
and store data in real time.
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Muscle Remodeling

GENERAL CONSIDERATIONS

Muscle accounts for a substantial fraction of the nutritional

and metabolic needs of the entire body. Muscle contributes an

increasing proportion of the body's weight during growth and

development, reaching a peak of 45 percent in young adulthood

and then declining with age. Approximately 1 percent of the

muscle protein in adults turns over each day, and this accounts for

some 20 to 30 percent of the body's entire synthesis and breakdown

of protein. The nutrient protein requirements of muscle are high.

So are its energy requirements. Even light muscular exercise, such

as occurs during daily activities, can increase the metabolic rate 30

to 40 percent over basal levels, and heavy exercise can transiently

increase caloric requirements severalfold. The metabolic status of

muscle is also regulated by dietary intake, exercise, and hormones.

The resulting changes in muscle physiology can have a major

impact on an individual's energy and protein balance.
Muscle is capable of being remodeled to meet new functional

requirements, such as those that occur during exercise. The ef-

fect of exercise on muscle is dramatically shown by the fact that

even the muscles of a severely fasted animal can be made to hy-

pertrophy by increasing their workload. The exercise effects are

complex and depend on both the kind of exercise regimen and

the type of muscle fiber. Endurance training, such as that in-

volved in long-distance running, is characterized by activity over

long periods of time against loads that are similar to those occur-

ring during everyday life. Such exercise results in only a modest

143
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increase in muscle mass. The main change is an increase in mito-

chondria, the organelles responsible for oxidative metabolism, and

in mitochondrial enzymes, as well as in the vascularization of the

muscle. Changes are largely confined to so-called Type I muscle

fibers, red muscle fibers of the slow, oxidative type. The result
is an increase in muscular endurance, without a marked increase

in maximal muscle force. Strength training, as in weightlifting,

requires brief activity against heavy loads. The result is muscle

hypertrophy, largely the result of an increase in the abundance of

the contractile proteins that are organized into myofibrils. The

changes occur not only in Type I muscle fibers, but also in Type

II fibers, including fast pale muscles of both the glycolytic and ox-

idative types. Glycolytic fibers, among other characteristics, have

relatively few mitochondria and, so, most of their metabolism is

nonoxidative. Such fibers, while they can generate great force, can

do so only briefly since they are easily fatigued. It is this last kind

of change, one involving an increase in mass and in myofibrillar

protein that is of particular interest in view of the changes that

take place during spaceflight, that involves a decrease in muscle

mass or disuse atrophy.

The mechanisms responsible for an exercise-induced change

in muscle protein have been studied in animals. Among the fac-

tors involved are the transport of amino acids into the muscle cell

and their synthesis into protein. Exercise increases transport and

synthesis; disuse decreases them. The role of protein degrada-

tion is less clear. Some studies report an increase in degradation

with exercise; others report a decrease. Some protein degrada-

tion involves lysosomes, intracellular organelles that specialize in

the breakdown of molecules, and to some extent this portion of

protein degradation is sensitive to growth factors such as insulin.

Lysosomal degradation of protein may be involved in the regula-

tion of actin and myosin, the contractile proteins of the myofibrils.

Another possibility is that lysosomes degrade membrane receptors

and other macromolecules. The resulting products of hydrolysis

could then regulate the synthesis and degradation of contractile

proteins within the cytosol. There are two other problems that are

of fundamental importance. One involves the processes responsi-

ble for the assembly of the contractile proteins into the precise

configuration of the myofibril and their disassembly during atro-

phy and normal protein turnover. The other concerns the trans-

duction signals that allow muscular exercise to influence protein



145

synthesis. There is evidence that the signals include neurotrophic

factors, passive stretch, active contraction, and increased tension.
The relative roles of the various signals need to be studied. The

mechanisms by which such signals can influence the molecular

machinery of the cell are largely unknown.

Hormones thought to be involved in muscle protein regula-

tion include insulin, growth hormone (and the somatomedins),

glucocorticoids, iodothyronines, and testosterone. Changes in the

concentration of circulating growth hormone and insulin are not

essential for exercise-induced hypertrophy of muscle. Rather, the

hormones appear to influence the absolute change in muscle size.

There are interactions among hormones; they are subject to local

control; and some of them, glucocorticoids to cite an example, may

act on protein synthesis only at unphysiological concentrations.

These basic problems in hormone action require clarification be-
fore the role of various hormones in work-related changes in muscle

can be understood.

MUSCLE ATROPHY IN SPACE

In weightlessness, the legs no longer experience the loads re-

quired on earth for the maintenance of an erect posture or for

locomotion, while the arms may take on additional responsibilities

for locomotion and body stabilization. Given the altered force-

motion environment of spaceflight, it would be expected that the

activity of muscles of the lower extremities, particularly the anti-

gravity or extensor muscles, would be decreased, and this, in turn,

should lead to disuse atrophy. Data on muscle function are avail-

able from Skylab missions and, to a lesser extent, from Salyut
missions. There is considerable evidence that humans experience

atrophy in leg muscles, but not in arm muscles. Biochemical stud-

ies show that there are in-flight increases in plasma and urinary

concentrations of several substances that point to the degrada-

tion of muscle protein. Metabolic studies indicate an alteration

in nitrogen balance and, hence, of net protein metabolism. Post-

flight measurements have been made of limb dimensions, of muscle

strength, and of the electrical activity of muscles (electromyogra-

phy or EMG). After missions of several weeks duration, there was
a loss in the volume of the legs, particularly the calves, only part

of which could be attributed to the loss of body fluids that takes

place in space. Loss in arm volume was negligible. Loss of muscle
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strength, amountingto 10 to 20 percent,occurredin the legs,
but not the arms. Surprisingly,the strengthof leg flexorsand
legextensorswereaffectedto almostthesameextent. EMGdata
indicatedreducedmuscularefficiencyandincreasedsusceptibility
to fatigue. Recoveryof musclefunction,particularlyof strength,
requiredseveraldaysto weeksfollowingmissionslastingweeksto
months.Whetherthereis a completerestorationof musclemass
after long-durationflights has not beensystematicallystudied.
Ground-basedclinical experienceshowsthat humanscan regain
normalmusclefunction andmassevenafter yearsof disuseand
so there is somereasonto supposethat the samewouldoccur
followingprolongedspaceoccupancy.Thefact that themuscular
changesassociatedwith spaceflightareconfinedto the legswould
implicatemechanicalfactorsasbeingof majoretiologicalimpor-
tance in the productionof spacemuscleatrophy. A subsidiary
influenceof diet or hormonalregulationis alsopossible.

The data, althoughprovidingconvincingevidenceof muscle
atrophy,are not optimal for severalreasons.First, most crew
membershavebeenin a stateof high athleticconditioningbefore
flight, and,hence,thereis a confoundingof the effectsof athletic
deconditioningwith thoseof weightlessnessper se. Second,the
subjectsin moststudieshavepursuedexerciseregimensin-flight.
Thereis evidencefrom Skylabmissionsthat in-flightexercisecan
reducemuscleatrophy. Unfortunately,the influenceof exercise
hasnot beensystematicallystudied.Forthisreason,it is difficult
to evaluatethemuscleatrophythat hasoccurredor theefficacyof
thevariousexercisecountermeasuresthat havebeentried. Meth-
odsusedto evaluatemusclephysiologyhavebeenrudimentaryand
haveonly beenemployedpostflight.Therehavebeennomeasures
in spaceof typical muscleforcesthat occurasa result of active
contractionor passivestretch.Becauseof theselimitations,wedo
not knowtheendpoint of spacedisuseatrophyor thetimecourse
with which it is reached.Nor do weknow the forcesthat vari-
ousmusclesexperiencein weightlessness,either duringeveryday
activitiesor duringmanyof the exercisesthat havebeenusedto
counteractmuscleatrophy.Withoutsuchknowledge,it will beim-
possibleto determinetherelationof thedisuseatrophyofspaceto
the variouskindsof exercise-relatedchangesin muscularfunction
that take placeonearthor to evaluatevariouscountermeasures.
Thereis noevidencethat the muscleatrophythat occursin mis-
sionslasting severalweeksto monthshas led to seriousclinical
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problemseitherin-flightor postflight.Thedataareinsufficientto
permit extrapolationto missionsof severalyearsduration.

Recentanimalexperimentsflown during the 7-daymission
of Spacelab-3, although limited in scope and duration, have con-
firmed and extended some of the human studies. Mass and protein

content were decreased in leg muscles, especially the extensors. In

general, muscle metabolism shifted in a glycolytic direction. Many
of the results were similar to ground-based controls in which the

hindlimbs were unloaded by tail suspension.

SCIENTIFIC COAL

To understand the basic mechanisms of activity-related muscle

remodeling as they occur on earth and in space.

SCIENTIFIC OBJECTIVES

1. To determine the physiological and biochemical factors that

control muscle function on earth.

2. To determine the causes of muscle atrophy in space and, so,

provide a basis for the evaluation of countermeasures.

3. To ascertain if the changes in muscular function that occur

during spaceflight are similar to those occurring on earth and if

spaceflight offers any unique opportunity for the study of muscle

remodeling.

Measurement Requirements

1. A rigorous ground-based program is needed to determine

the mechanical, biochemical, molecular, hormonal, neuronal, and
nutritional factors that control muscle function. This is best car-

ried out in animal models of muscle remodeling. The functions

of muscles that require study include their metabolic status, their

morphology and histochemistry, and their contractile properties

and electrophysiological status. The influence of various kinds of

exercise, including regimens that simulate endurance and strength

training, need to be investigated. The effects on various types of

muscle fibers should be compared. There is a need to improve

ground-based biochemical techniques, especially those involved in
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measurementsof theabsoluteratesof proteinsynthesisanddegra-
dation, and to adaptstandardphysiological,morphological,and
biochemicalmethodsfor usein spaceflight.

2. Variousground-basedanimalpreparationsof musclere-
modelingshouldbe investigated.It is equallyimportantto study
modelsofmusclehypertrophyandmuscleatrophy,sincebothpre-
sumablyinvolvethesamecellularandmolecularmechanisms.For
similar reasons,the reversionfrom thesestatesis alsoof interest.
Modelsof atrophy includeimmobilizationby casting,hindlimb
unloadingaccomplishedby tail suspensionor body harnessing,
paraplegia,denervationof specificmusclegroupseither by sur-
gical transectionor by local pharmacologicalnerveblock, and
cutting the tendon(tenotomy)of the muscleof interestor of its
antagonists.Hypertrophycan be studiedby forcedexerciseor
by tenotomyor denervationof synergists.The rat hasbeenthe
favoriteanimalfor this researchandremainsa suitablechoiceof
species.Humanmodelsthat shouldcontinueto be studiedin-
cludeparaplegicpatients,bed-restedsubjects,or peopleinvarious
exerciseregimens.

3. Musclefunctionin space-flownanimalsneedsto bemea-
suredasa functionof missiondurationandexerciseregime.Such
spaceexperimentsareneededto comparethecharacteristicsof dis-
useatrophyin spaceand on the ground.An important problem
concernswhetherspaceatrophy involvesa conversionof muscle
fibersfrom onetype to another. Biochemicalandmorphological
effectshaveto bestudiedasa functionof missiondurationand,
in mostcases,without the complicationsof returningtheanimals
to earth. Biochemicalstudiescan be donepostflight on speci-
mensthat arefrozenin-flight. Morphologicalanalysiswill require
in-flight fixation. Provisionsshouldbemadefor in-flight physio-
logicalmeasurementson intact animals,on isolatedmuscles,and
onindividualmusclefibersobtainedfrom animalsat varioustimes
duringmissions.

4. Muscularperformancein humansshouldbe determined
in-flight, asa function of missionduration,and comparedto re-
sultsobtainedpreflightand,asperformanceimproves,postflight.
Measuresareneededofthemaximumforce.Force-velocitycurves,
length-tensionrelations,andfatigabilityof variousmusclegroups
shouldbestudiedduringboth maximalandsubmaximalactivity.
The recruitmentof motorunits shouldchangeasa muscleatro-
phies.Thiscanbestudiedbyrecordingelectromyographicactivity
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from representative muscles as the strength of voluntary muscular
contractions is varied.

5. An in-flight biomechanical analysis in humans is needed
that correlates EMG activity, the forces acting on the muscu-
loskeletal system, and the movements of joints. The measurements

should be obtained during both routine and strenuous activity and
have to be compared with those obtained on earth.

6. Countermeasures are best judged in terms of the aforemen-
tioned biomechanical studies. Various exercise protocols and the
use of motion-resisting devices need evaluation.

7. As in the case of nutritional research in space, it will be
important to study the influence of preflight athletic condition-
ing, as well as the affects of in-flight exercise. The design of all

experiments should include four groups of subjects, including all
combinations of preflight conditioning versus no preflight condi-

tioning and in-flight exercise versus no in-flight exercise. Such 2 x
2 balanced design is required if we are to understand the effects of

weightlessness per se on muscle function, of preflight conditioning,
and of various in-flight exercise programs.
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The Anemia of Spaceflight

INTRODUCTION

Description of Symptoms

Anemia was first noticed in Gemini missions in which astro-

nauts were breathing pure oxygen at low ambient pressures. This

presumably caused oxidation of red blood cell (RBC) membranes

and a destruction of the RBCs themselves, a so-called hemolysis.

In the Apollo program normal ambient air was provided at launch

but was gradually enriched so that astronauts were eventually

breathing pure oxygen. When they were found anemic, it was

thought to be due to the same oxidative RBC damage. A similar

anemia, however, has also been seen in Shuttle missions, where the

cabin air is identical in pressure and composition to that found at

sea level and, so, cannot be attibuted to high oxygen levels.

There are only limited in-flight data on the time course over

which the anemia develops and on its persistence during long-

duration missions. Available information suggests that the anemia

appears as early as four days after launch and reaches a maximum

at 30 to 60 days when the decrement in RBC mass is typically

15 percent. After that, the anemia may stabilize or slightly re-

cede. The etiology of the anemia is not yet clear. It has not,

as yet, led to clinical complications in-flight, although it has the

potential for doing so. In particular, were a serious accident or

illness to occur during a mission, a diminished RBC mass could

contribute to morbidity or possibly even to mortality. Following

missions of long duration, RBC mass begins to recover after a

delay of two weeks and may take as long as six weeks to return

150
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to normal. Undoubtedly, the anemia contributes to the cardiovas-

cular difficulties,including the orthostatic intolerance,seen in the

immediate postflightperiod.

Etiology of the Anemia

Most anemias in man involve more than one cause. The same

is likely to be true for space anemia. Here, there would appear

to be at least three potential contributing factors: (1) a reduction

in RBC production that is a consequence of the headward redis-

tribution of blood occurring upon orbital entry, (2) a shortened

lifespan of circulating RBCs, and (3) a direct effect of microgravity
on bone marrow that reduces RBC production. The three factors

are not mutually exclusive; they are considered in turn.

Normal RBC homeostasis is determined by a feedback system

that includes an oxygen sensor in the kidneys. The sensor regulates

the production by the kidney of a hormone, erythropoietin (EPO),

which in turn controls the rate of RBC production by the bone

marrows (Table 8.1). Suppose that the concentration of RBCs

in the blood, the so-called hematocrit, is reduced. This will lead

to a reduction in the oxygen delivered to all of the organs of the

body. In the case of the kidney, the oxygen sensor is triggered, and
there is an increase in EPO production and eventually an increase

in the number of circulating RBCs. If, on the other hand, the

hematocrit rises slightly, the oxygen supply to the oxygen sensor

is increased, and EPO production is stopped. At even higher

hematocrits, there is an increase in blood viscosity with the result
that the rate of blood flow and oxygen transport may actually

decrease. This may cause a relative hypoxia in most tissues, but

not the kidney. Here, there will be an automatic decrease in

oxygen consumption, which is determined by glomerular filtration

and blood flow. Consequently the feedback control depicted in

Table 8.1 is effective at all RBC concentrations. We can now

consider how this feedback system will operate during exposure to

weightlessness.

Under terrestrial conditions, a considerable amount of blood

and other fluids (approximately 2 liters) is kept in the legs under

the influence of gravity. In space, some of these fluids will be

redistributed to the upper body. This is interpreted by sensors
in the torso and the brain as an increase in blood volume. A

variety of neurohumoral mechanisms are called into play, and
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Baseline Data for Analysis of Erythrokinetics of

Parameter Settings and S_.bjects
Ground-based = In°flight _-

Animal Human Animal Human

Red cell count + + + +

Hemoglobin + + + +

Hematocrit + + + +

Red cellmass + + + +

Blood volume + + + +

Plasma volume + + + +

Reticulocyte count + + + +

Erythropoietin + + + +

Plasma or serum haptoglobin + + + +

Platelets + + + +

Red cell shape + + + +

Red cell size + + + +

Blood PS0 + + + +

Blood PC0 2 + + + +

Red cell 2,3-DPG + + + +

Red cell ATP + + + +

Red cellsodium + + + +

Skin petechiae - + +

Subcutaneous, subserosal

oozing of RBC - +

Bone marrow smear + + -

a . °

:When feasible, measure sequentaally for temporal aspects.
ID . . .

-Examples: biological laboratories, hospitals, space simulation

facilities (bed rest, water immersion, etc.), spacecraft simulators.
Clnciude preflight, in-flight, and postflight phases.
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there will be a diuresis, a loss of blood plasma volume, and an
increased hematocrit. The latter causes a suppression of EPO
production until the RBC mass is decreased to the point where
the hematocrit and blood's viscosity return to normal. This is

an entirely appropriate physiological adjustment as long as the

subject remains in space. Upon return to earth, however, some
fluids are redistributed to the legs. This is interpreted by the
sensors in the upper body as a decreased blood volume, and the
same mechanisms now lead to a decreased urinary output and

thirst. Once the astronauts have quenched their thirst, the plasma
volume is restored to normal, but the RBC mass is diluted. The
astronauts will have a reduced hematocrit and are recognized as

anemic. Over time, the EPO feedback system will result in an
accelerated RBC production, and the anemia should disappear.

The production of RBCs from stem or precursor cells in the
bone marrow takes approximately 72 h. EPO is thought to exert
its influence early in this process. The first signs of a reduced
RBC mass has been observed four days into flight. It is thus con-

ceivable that the EPO feedback system could be responsible for
even the early stages of space anemia. At the same time, the neu-
rohumoral mechanisms responsible for the diuresis, the increased

hematocrit, and the presumed suppression of EPO require time to

work. This has led to the suggestion that there is a hemolysis or
shortened RBC lifespan that may help to explain the early onset
of the space anemia. An increased hemolysis was in fact observed

in flight experiments done on rats. The origin of the hemolysis
is not entirely clear, but it could be due to an increase in the
sequestering and destruction of RBCs in the reticuloendothelial
system, particularly the spleen. The changes in RBC shape noted

in Skylab and Soviet missions, should facilitate hemolysis by the
reticuloendothelial system.

Microgravity may have a direct effect on marrow structure
and function. This is suggested by an observation made by Soviet
scientists. There was a depletion of stem cells of the femoral
marrow of rats carried on an 18-day mission. It is reasonable to

suppose that marrow, as is the case for bone in general, can be

influenced by local mechanical forces (see Chapter 5).
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SCIENTIFIC GOAL AND OBJECTIVE

To characterize the anemia that occurs in spaceflight and to

determine the relative importance of various factors that may con-

tribute to the loss of red-blood cell (RBC) mass.

Measurement Requirements

1. There is a need for more detailed studies of the time course

and magnitude of the anemia. RBC mass should be estimated from

blood samples drawn at least twice daily during the first two weeks

of the mission and twice weekly thereafter. Of particular interest

are the time of onset of the anemia, its maximum magnitude, and

whether it reaches a steady state for missions of several months
duration.

2. Erythropoietin (EPO) levels in blood. The bioassays that

have been used to date are not sufficiently sensitive to detect ex-

pected changes in EPO levels, particularly those that might occur

during the early stages of space anemia. The radioimmunoassay

being developed in a few academic laboratories has the requisite

sensitivity and uses less than 1 ml of plasma. The frequency of

testing will depend on studies currently being done in normal an-

imals and humans. The results suggest considerable variation in

EPO levels. At the time of launch and for several ensuing days,

EPO levels may have to be determined from multiple samples col-

lected every few hours, or possibly even more frequently. Daily

collections may miss peaks and troughs and may not be repre-

sentative. Similar measurements should be made preflight and

postflight.

There is also a need for physiological studies of the relationship

between altered hematocrit, renal function, and EPO levels. Such
studies need to be carried out first at sea level on animals where

changes in hematocrit are caused by dehydration or by systemic

blood dilution, later on patients with these syndromes, and last

on animals and humans in the microgravity environment.
3. Red blood cell survival studies. In order to determine

the hemolytic component of space anemia, red blood cell kinetics

should be measured in humans immediately preflight at launch,

daily during the first week of flight, and weekly thereafter. Similar

measurements in the immediate postflight period would also be

of interest. A simple measure of hemolysis, the determination of



155

serum bilirubin concentrations, should be done on the same time
schedule as the kinetic measurements. Both kinds of measure-

ments have to be corrected for alterations in total plasma volume,

which should also be determined.

Changes in RBC shape have been reported in previous mis-
sions. Studies are needed to describe the changes in more detail

and to determine the underlying etiology, which is at present un-

clear.

4. Bone marrow studies. Marrow function should be eval-

uated histologically in an appropriate animal model subjected to

microgravity. The specimens can be obtained in the same morpho-

logical experiments in which the bone demineralization is studied

(see Chapter 5).

5. Clinical implications. As far as is known, the loss of RBC

mass is an appropriate adaptation to the cardiovascular changes

that occur during spaceflight. At the same time, it is important

to evaluate the clinical implications of the anemia should a serious

illness or accident occur, especially during long-duration missions.
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Human Nutrition

INTRODUCTION

It might be expected that the energy requirements of posture
and motion should be less in space than on earth since the body
does not have to work against the force of gravity. This would

suggest that caloric requirements would be lower in space. Yet,
man typically exhibits a small loss in weight during spaceflight
even though the diet appears to have a nearly normal caloric con-

tent. Much of the weight loss occurs during the first three days
of a mission and is rapidly recovered postflight. The rapid weight
changes are almost certainly due to the changes in body fluids that
are part of the cardiovascular adaptation to weightlessness and the
readaptation occurring upon return to earth. There can also be

slower changes in body mass during long-duration flights. Skylab
astronauts usually showed a slow weight loss that was correlated
with the caloric intake of the individual crewmembers. In two

Soviet missions of six-month duration, three of four cosmonauts
gained weight. This was attributed to an increase in adipose tissue

that more than offsets losses in lean body mass and in body fluids.
From energetic considerations, a change in body mass must be ex-

plainable in terms of four processes: (1) loss or retention of fluid,
(2) caloric intake, (3) alterations in energy metabolism or storage,
and (4) changes in the efficiency with which metabolic energy is

utilized. The two consistent findings are a rapid weight loss, as-
cribable to a fluid loss, and a slower decrease in lean body mass.

The latter is probably the result of the muscle atrophy that accom-
panies prolonged spaceflight and, as such, represents an alteration
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in energy metabolism and storage. Several questions remain to
be answered. This information can be used to evaluate the effects

of the transient digestive disturbances associated with space sick-

ness, as well as of long-term changes in gastrointestinal absorption

and in gut flora. Are there changes in energy metabolism and

storage other than those due to muscle changes? Is spaceflight

associated with a change in energy expenditure? What, in fact,

are the energetic requirements of work in the space environment?

Biochemical analyses of plasma and urine samples collected

in-flight during Skylab missions are consistent with a muscle at-

rophy. These include increases in plasma concentrations of potas-

sium and creatinine and increased urinary excretion of potassium,

creatinine, total hydroxylysine, N+-methylhistidine, and almost
all amino acids. Metabolic balance studies were also done dur-

ing the Skylab missions. There was a shift in nitrogen balance

in a negative direction, as would be expected from a breakdown

of muscle protein. The data are somewhat difficult to interpret,

however, since the preflight baseline measurements indicated a

positive balance. While the negative shift was a consistent find-

ing, the absolute magnitude of the nitrogen balance that occurs

in-flight warrants reexamination.

There is a need for detailed and precise studies to characterize

the energy and nitrogen metabolism of prolonged space occupancy.

It is essential in the planning of long-duration missions to know

caloric needs and to determine an appropriate diet in terms of

carbohydrate, fat, protein, and trace nutrients. Without such

information, the health and well-being of crew members cannot

be guaranteed. Furthermore, inadequate human nutrition during

long-duration missions could have a serious impact on the overall

science strategy, since studies on humans form an integral part of

any comprehensive program in human space biology and medicine.

SCIENTIFIC G OAL

To understand and describe the nutritional needs of human

space travel.

SCIENTIFIC OBJECTIVES

1. To characterize the caloric needs of man in the space envi-
ronment.
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2. To determine the nitrogen balance during spaceflight and_ if

it is negative, to determine its source and possible interventions.
3. To ascertain if the microgravity environment requires nu-

tritional supplement8 of vitamins, minerals, or other nutrients not
required on earth.

Measurement Requirements

1. Metabolic studiesrequirethe carefulevaluationof food

and fluidintakeby the use of a dietrigorouslycontrolledin its

caloricand nutrientcomposition. Accurate collectionof excreta

isalsoessential.What has been the food and fluidintakeduring

spaceflight?To what extentare nutritionalrequirementsmodified

by transientdigestivedisturbances,such as the anorexia,nausea,

and vomiting associatedwith spacesickness?Do the conditionsof

spaceflightaltergastrointestinalphysiology,includingthe absorp-

tionofessentialnutrientsand the functioningofgut flora?

2. Measure energy expenditureby intermittentgas exchange

methods or by the use ofisotopicwater (2H21802). These should

be done under a varietyof situations,includingbasalconditions,

normal workloads, and during strenuousexercise.In-flightand

preflightvaluesshould be compared.

3.Measure body compositionby indirectmethods periodically

in-flightand compare with preflightdate.The isotopicbody-water

method can be used forin-flightmeasurements. For preflightand

postflightdeterminations,severalother methods, such as under-

water weighting mad totalbody electricconductance, should be
considered.

4. Nutritionaldata shouldbe collectedforallindividualsas a

matter ofrecord,as wellas forstudy.The rigorsofadherence to

thestrictregimerequiredformetabolicstudiesmust be recognized,

even to the point of requiringformula dietsfor precisebalance

data. Reliablestudiesrequirededicatedsubjectsand have to be

conducted by highlytrainedflightpersonnel.

5. Develop requirementsforessentialnutrientsby reviewing

the literatureand conducting research.

6. Study the biomechanicsof motor performance in space to

gain insightsintothe energeticrequirementsof working in this
environment.

7. An important variableisthe stateof priorathleticcondi-

tioning.In particular,itwillbe important to flysome individuals
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who are athletically unconditioned. This is neccessary to evaluate

the separate effects of athletic deconditioning and microgravity on

nutritional requirements and on protein and energy metabolism.
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Human Reproductive Biology in Space

INTRODUCTION

Studies on the effects of space travel and the physiological
adaptation to zero gravity have not yet addressed alterations in

the reproductive system in either man or woman. This chapter
will review current knowledge and some issues that appear to

emerge from it as they apply to the human reproductive system.
Current experiments on mammalian reproduction in space have
been limited to rats. The first study involved animals carried in

flight by the Russians for 19 days (Cosmos 1129). These were
to mate in space and give birth on return. None delivered, and
the Soviets hypothesized that stress caused fetal absorption. A

more recent flight (Cosmos 1167) contained rats that successfully
delivered in space, and simulated flight research at the Ames
Research Center also did not corroborate the original Russian
observation of reproductive failure.

Three broad processes in space travel can affect reproductive

function: these are stress, the microgravity environment, and ra-

diation. Stress and training in preparation for spaceflight may
have important effects on the reproductive system, particularly in
females. This may represent an appropriate adaptive change anal-
ogous to the reproductive disorders, including amenorrhea, which
have been documented in female recruits at the United States Mili-

tary Academy where emphasis is placed on heavy physical training.
The same phenomenon is also seen in female athletes and ballet

dancers. The mechanism is thought to be an altered hypotha-
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lamic gonadotropin-releasing hormone (GnRH) secretion. Nor-
mally GnRH pulses stimulate the secretion of LH (luteinizing hor-

mone) and FSH (follicle stimulating hormone) from the anterior
pituitary, and these in turn regulate ovarian function. Thus alter-
ations of neuroendocrine regulation of the hypothalamic-pituitary

axis may produce changes in trained female astronauts similar to
athletes undergoing intensive physical or emotional training. The
frequency of GnRH pulses also appears to be important; slow fre-
quencies are associated with hypogonadotropic anovulation while
faster frequencies produce elevated LH levels as seen in clinical
aberrations like the polycystic-anovulatory syndromes. Data on

the effects of training on the male reproductive system are less
clear. Some results have suggested that heavy endurance training

may affect testosterone secretion.

Stress

Since there is considerable evidence that stress can produce
short-term effects in women, the impact of these hormonal changes

on other organ systems should be considered. One of the most se-
rious might be an augmentation of loss of bone mineral which

would be accelerated by hypoestrogenism, even in the short term.
Estrogen has very significant effects on bone turnover, and the
hypoestrogenism seen even in young active athletes is known to
be asssociated with accelerated calcium loss and decreased bone

density. Thus the osteopenia of spaceflight would definitely be
compounded by hypoestrogenism and, more importantly, may not
be completely reversible. It is not known if equivalent decreases
in gonadal hormones in men would have similar effects. The im-
portance of hypoestrogenism has not been addressed in previ-

ous reports on bone demineralization in spaceflight. Replacement
therapy should be considered, especially in those females who have

previously shown a low threshold to stress-produced amenorrhea.

Microgravity

Microgravity may also present other problems for the female
reproductive system. The normal egress of menstrual fluid may
be impeded, and tubal reflux, an accepted mechanism in the de-

velopment of endometriosis, may be more frequent. Fluid shifts
seen in space may be altered by the normal menstrual cycle. One
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TABLE 10.1 Implications of Spaceflight on Male and Female Reproduction

Hypogravity
Radiation

Altered light/dark cycles
Confinement

Sexual abstinence

Limited sensory input

Germ cell damage or loss

Teratogenicity

Mutagenicity

Altered endocrine rhythms

Impotence (males)

Altered menses (females)

Variables of Concern

Dietary modifications

Environmental factors (i.e., noise)
Altered oxygenation (EVA)

Stress (training & flight)

Testicular temperature (males)

Potential Effects

Depression

Abnormal fertilization

Abnormal implantation (females)

Endometriosis (females)

Estrogen-deficient osteopenia

(females)

study using bed rest as a model analogous to the weightless en-
vironment showed that the reduction in plasma volume seen in
bed rest is neutralized by the preovulatory estrogen peak at mid-

cycle. The bed rest model has also shown that women develop
inadequate luteal phases, and this is also likely to develop in the
weightlessness of spaceflight.

In pregnancy, the fluid and electrolyte shifts associated with

microgravity, particularly the drop in plasma potassium, may af-
fect growth of the developing blastocyst, particularly the inner

cell mass, which develops into the embryo. If cleavage is delayed
and a critical 16 cells are not present at the time of cavitation, an

embryo will not develop. These specific developmental processes,
discussed in greater detail in Chapter 2, would be applicable to
women should a pregnancy be in process.

Radiation

Space travel entails exposure to radiation. Although there
are descriptions of the type of radiation encountered in space and
gonadal doses have been calculated, direct determinations have not
been made. Crewmembers encounter chronic, low level radiation
which is qualitatively different from the radiation used in ground
studies. The latter has consisted mainly of gamma and x rays
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whose relative biological effectiveness (RBE) is equivalent to one.

Space radiation is mixed, and some consists of elements that have

RBEs substantially higher than one.

The effect of space radiation on male and female reproduction

has not been characterized and even experimental animal work,

although of significant importance, may not be applicable to man
because of the marked decreases in sensitivity from not only one

species to another but even between strains of the same species.

Radiation could affect gametogenesis as well as the developing

embryo. Male gametogenesis is particularly susceptible with an

increase in genetic risk due to chromosome damage as well as

depressed spermatogenesis. It has been calculated that linear

energy transfer (LET) high radiation with an RBE of around
20 would double the chance of producing a genetically defective

offspring in males from 15 per 1000 live births to 30. At the

present time, there are no experiments on developing embryos

of any species with the mixed radiation exposure encountered in

space.

SCIENTIFIC GOAL

To study the effects of the space environment on human repro-

ductive function.

SCIENTIFIC OBJECTIVES

1. To characterize the effects of stress and the microgravity

environment of spaceflight on reproductive function as evidenced by

hormonal and physiological alterations, including the contribution

of hypoestrogenism to bone loss.

2. To study the effects of the microgravity environment on eggs

and sperm directly, and on the fertilized ovum and its subsequent

development.
3. To characterize the radiation effects in spaceflight on male

and female reproduction and the possible pathological effects of this

to eggs, sperm, and developing embryos.

Measurement Requirements

1. Data collection. Female crewmembers should collect basal

body temperatures for at least three months prior to launch as
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well as having on file a reproductive history including menses,
pregnancies, and other pertinent data. A complete reproductive
history of male crewmembers should likewise be documented rela-

tive to normal and abnormal pregnancies and fetal wastage. Such
histories should be continued for several years postflight to deter-
mine the effect of prolonged space travel on human reproductive

competency. The incidence of birth defects in the pregnancy of
crewmembers is of particular concern.

2. Many of the potential alterations in female reproductive
function are likely to be the result of the stress asociated with
preflight training and with spaceflight itself. Since the symptoms

are not peculiar to the space environment, a specific program
of space research is not warranted. There are two exceptions to
this general conclusion. (1) Hypoestrogenism may exacerbate the
osteopenia of spaceflight. Hence, women crewmembers should be

included in'studies of human bone function (see Chapter 5) to
determine whether there is a correlation between the occurrence

of amenorrhea and the severity of space osteopenia. If there is, the
efficacy of estrogen-replacement therapy should be investigated.
(2) Microgravity may result in endometriosis as a consequence
of tubal reflux. Since recumbency should reproduce the physical
conditions leading to tubal reflux, a study should be conducted
in bed rested female volunteers to determine the incidence of this

problem before spaceflight experiments are contemplated.

3. Direct sperm analysis. A new technology, the character-
ization of human sperm using zona-free hamster eggs, permits
the direct analysis of human sperm chromosomes for structural

abnormalities. Normals have about 20 percent recognizable aber-

rations. Preflight, in-flight, and postflight analysis in parallel with
other determinations such as direct and calculated gonadal radia-
tion should be done to assess the effects of the space environment
on the human gamete. In parallel with these should be other

standard assays such as motility and electron microscopic exam-
ination. Depending on these and other studies, frozen semen for
future reproduction may be indicated for male crewmembers. Di-

rect analysis of human eggs or of the human fertilized ovum are
unwarranted. Here it will be necessary to rely on animal models.

The experiments described in Chapter 2, Developmental Biology,
including those involving mammalian development and radiation
effects, provide an appropriate starting point.
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Human Behavior

INTRODUCTION

Behavior involves the interaction of individuals with their

environments. Many important functions depend in some way
on such behavioral interactions. A partial list of these functions
would include sleep and wakefulness; maintenance of nutrition,
fluid balance, personal hygiene, and health; work and the response
to emergencies; and organizational, social, and recreational activ-

ities. Clearly, adaptive behavior is essential to the success of any
human endeavor. The conditions under which adaptive behavioral

interactions must be effectively maintained vary widely. Unusual
and demanding spaceflight environments can adversely influence

such adaptations especially if intensive and highly skilled perfor-
mances are required on the part of individuals and groups. De-
spite this, there have been few official reports in the U.S. or Soviet
space programs of serious behavioral disruptions or of behavioral

problems that have impeded crew performance or threatened com-
pletion of a mission.

There is some indication, however, that official reports on
the behavioral adaptation to space are not completely accurate.

Moreover, there is reason to believe that behavioral and social
problems will become more frequent as missions become longer
and more complex, and as crews become larger and more het-

erogeneous in their makeup. This chapter begins with a review
of the stressful conditions imposed by spaceflight and the behav-

ioral problems that have been observed. It then presents other
situations that resemble spaceflight in that personnel are placed
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in isolated, confined microsocieties with demands for high perfor-

mance; experience in these other situations illustrates the kinds of

behavioral disturbances that can arise in such an environment.

CURRENT KNOWLEDGE

Spaceflight

Several aspects of the space environment can be expected to

have an impact on behavioral adaptation. Living space is confined,

food is restricted in quality and diversity, there is a lack of pri-

vacy, and there are limited facilities for personal hygiene. Artificial

life support systems do not provide an environment comparable

in quality to that found on earth. Noise levels can be high and

unpleasant odors abound. The weightless environment requires a

readjustment of motor and perceptual skills. Disorientation and

space sickness are common during the first week of flight. Social

interactions are limited to other crew members. The only con-

tact with family and friends is by radio-telephone communication,

and sexual activity is constrained. Demanding workloads can be

stressful as can the everpresent danger of a major life-threatening

system malfunction. Added to all of this, there is no escape from

the environment during the mission.

Despite all of these discomforts and stressful conditions, there

have been no official reports of major behavioral disturbances in

U.S. missions lasting as long as 84 days or in Soviet missions of

up to 237 days duration. Decrements in performance have usually

been transient, occurring early in the mission. Many of these

can be related to the need of learning new perceptual and motor

skills in weightlessness, as well as to the spatial disorientation and

space sickness that occur during the first few days of a mission.

Others are due to abrupt, scheduled changes in sleep-wakefulness

cycles from those occurring on earth. The symptoms of such

rescheduling have been sleep loss, poor quality of sleep, fatigue,

and a decrement in performance. A form of functional myopia,

similar to that experienced by submariners, has been reported.

While this may be an appropriate adaptation to being confined

to cramped quarters, it can impair distant judgment and spatial

vision for far-away objects. There are examples of a distortion of

the sense of time, a so-called time compression, that may reflect

overly crowded task scheduling.
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The apparent lack of performance decrements may be due as

much to the reluctance of astronauts to render official reports of

what they fear may be regarded as "aberrations" and to the reti-

cence of space program directors to publicly acknowledge behav-

ioral disturbances. In contrast, the picture that emerges from less

formal reviews of mission reports and interviews with space crews

and ground personnel reveals that both Soviet cosmonauts and

American astronauts have experienced performance decrements in

the form of experimental errors, lost data, and equipment mis-

handling. In addition, a long list of symptoms has been described

including sleep disturbances, fatigue, irritability, depression, anx-

iety, mood fluctuations, boredom, tension, social withdrawal, and

motivational changes. Reported instances of interpersonal hostil-

ity between crewmembers in flight have appeared, and occasional

hostile and uncooperative exchanges between space and ground

crews have been publicized. There are indications, however, that

fatigue factors may have been involved in the instances cited, and

differences were quickly and amicably resolved. Significantly, there

are unpublished accounts of the Soviet space program that sug-

gest the occurrence of episodes of mental depression during some

long-duration missions.

The validity and reliability of such anecdotal accounts are

dimcult to evaluate, but no more so than official reports in the

same regard. There has been an unfortunate lack of direct access

to flight and ground crews by behavioral scientists. Related to

this is a lack of systematic assessment of individual performance

both in training and during missions. The absence of such data

makes evaluation of factors that may influence human performance

difficult. Under the circumstances, it must be concluded that there

is insufficient objective information to determine the incidence

and severity of behavioral disturbances in spaceflight programs.

To some extent, however, insights into the possible behavioral

consequences of prolonged isolation and confinement in space may

be derived from studies of ground-based environments that bear

some similarity to spaceflight conditions.

Confined Microsocieties on Earth

Undersea habitats, submarines, and polar stations in the Arc-

tic and Antarctic share several features with spaceflight. These

include confinement, isolation, personal discomfort, and potential
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danger. Adverse effects have ranged from boredom and listless-

ness, through heightened anxiety with psychosomatic symptoms,
sleep disturbances, fatigue, and impaired cognition to irritability,
hostility, depression, and deterioration of individual behavioral

adjustment. These observations have to be placed in context. For
one thing, psychological disturbances were not a universal feature

of such habitats. Furthermore, despite the stressful nature of the

environments, most groups were able to adapt and perform effec-

tively. Perhaps most importantly, studies have helped to identify
some of the factors that enhanced or impaired group performance.
Positive factors were gregariousness, role-sharing, privacy, and
good leadership. Negative factors were lack of privacy, of social
stirrmlation, and of objective rewards; inability to communicate

with outsiders; unchanging environment; family concerns; group
adjustment problems; and absence of customary sources of emo-
tional satisfaction. The results of spaceflight simulations show

the importance of crew selection and pre-mission training that
emphasizes group coherence and group performance.

Suxnnlary

There is not enough objective data to determine the serious-

ness of behavioral impairments in past spaceflight missions. Nev-

ertheless, there is reason to suppose that psychological problems
have already occurred in spaceflights and that these will increase in

frequency and severity as missions become longer and more com-
plex, as crews become larger and more heterogeneous, and as the
dangers of spaceflight become more fully appreciated. Behavioral

studies in ground-based situations demonstrate that, with proper
methodology, the factors contributing to enhanced performance,
as well as to individual and group satisfaction, can be identified.

METHODOLOGICAL CONSIDERATIONS

The greatest single requirement in this field is access to crews

by trained behavioral scientists. Such access is needed to observe,

test, and evaluate behavior, including sensory and motor capabili-
ties, cognitive and perceptual processing, and the motivational and

emotional factors that influence the operational performance of in-
dividuals and of entire crews. Flight personnel must be available

for study starting from selection and preflight training through the
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missionand into the postflightperiod. The data obtainedfrom
mission-relatedactivitiescanbesupplementedby studiesof other
confinedmicrosocietiesandofmissionsimulations.Manyresearch
opportunitiesareprovidedby theseothersituations.At thesame
time,it mustbeemphasizedthat theyarenot asubstitutefor the
studyof the spaceflightenvironment.

The informationobtainedfrom spaceflightand from similar
ground-basedsituationscanbe usedto defineand understand
the factorsthat influencebehaviorin both spaceenvironments
andother microsocieties.Systematicobservationandcontrolled
experimentationcan aid in determiningthe characteristicsand
conditionsthat maximizehumanachievementand satisfaction.
A well-plannedresearchprogramis essentialto determinethe
environmental,individual,group,andorganizationalrequirements
for the long-termoccupancyof spaceby humans.In addition,the
knowledgeobtainedshouldbeapplicableto all humanactivities
that involvethe cooperativeandproductiveinteractionsof small
groupsoperatingin a largerorganizationalcontext.

MAJOR SCIENTIFIC GOAL

The overall goal for the study o/human behavior in space is the

development of empirically based scientific principles that identify
the environmental, individual, group, and organizational require-
ments for the tong-term occupancy of space by humans. Although
the evidence is fragmentary, it seems likely that behavioral and
social problems have already occurred during long-term missions

and that such problems will be exacerbated as missions becomes
more complex, as mission duration is increased, and as the com-
position of crews become more heterogeneous. An understanding

of the problems and their amelioration is essential if man desires

to occupy space for extended periods of time. Even more impor-
tant from a scientific perspective, it seems likely that significant
advances in our basic knowledge of human interaction and group

processes will emerge from the research needed to ensure effective
performance and adjustment in space.

ENVIRONMENTAL FACT ORS

There are many research questions associated with the design
of space habitats and their influence on individual and group
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behavior. Of necessity,the physical characteristicsof spacecrafts

impose limitations on general living conditions and performance

levels.Lifein a spacecraft imposes constraintson physical mobility

and the variety and nature of socialinteractions.The challenge is

to design an environment that maximizes personal satisfactionin

the face of these constraints.

One of the more significantaspects of spaceflightis weight-

lessness. There is a need for individuals to adapt their sensory

and motor skillsto an altered force-motion environment. There is

spatialdisorientation. Space sickness isa common, ifnot univer-

sal,consequence. In most descriptive accounts, space sickness is

described as an episodic process marked by vomiting that occurs

perhaps a few times a day. This is a far from accurate picture.

Space sickness has the same symptoms as does terrestrialmotion

sickness. The symptoms include nausea, pallor,sweating, malaise,

and a general feelingof discomfort and uneasiness, as well as vom-

iting. Continuous monitoring of subjective feelings was clone on

Spacelab-1. Vomiting occurred episodically,but feelingsofmalaise

and discomfort were more or lesscontinuously present during the

firstseveral days of the mission.

Fortunately, the space sickness syndrome disappears within

a few days to a week. Nevertheless, space sickness has a serious

impact on operational efficiencyearly in the mission, when many

important duties are to be performed. The design of the space-

craft can be of considerable importance. Many astronauts have

found that the sense of disorientationand space sickness are exac-

erbated by the lack of clear and consistent visualcues that would

reinforce a sense of verticality.An increased contact force of the

feet with support surfaces might also be investigated. In addition,

there are intrusivenoises,objectionable odors, and uncomfortable

temperatures. Again the discomfort from these sources usually

habituates within a few days. Properly designed studies of the

spacecraft environment could provide insights into the conditions

that enhance orientation to the verticaland minimize irritationby

external stimuli. (See Chapter 4 for a further discussion of space

motion sickness.)

Two aspects of spaceflight have the potential of being par-

ticularlytroublesome. These are likelyto take on increasing im-

portance as a mission progresses. Environmental design research
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involving back-to-back workstations and designated private quar-
ters for each crewmember not under video surveillance could pro-

vide an approach to reducing these problems. The psychological

adjustment of cosmonauts has reportedly been enhanced by the

opportunity to maintain personal diaries as well as the provision of

space-ground radio links for crewmembers to communicate with
their families. The role of such environmental design features

in maintaining morale, solving personal problems, and reducing

emotionally stressful conditions requires systematic study.

There are a number of research leads that need to be pursued

in developing countermeasures to the boredom, which can be ex-

pected to occur when mission tasks become routine. The Soviet

practice of permitting crewmembers some personal latitude in the

design of their environments, and of allowing them to select per-

sonal items for recreational purposes and to request favorite foods

delivered by resupply flights has reportedly helped to maintain

morale and productivity. So, too, has the Soviet practice of fre-

quent radio conversations between the cosmonauts and interesting

civilians on earth. These practices should be studied systemati-

cally with a particular focus upon investigations of the extent to

which crew-initiated changes in living habitats and work environ-

ments (within the limits of operational constraints) can alleviate

boredom and enhance performance.

Fairly sophisticated models have been developed for use in

workplace design. The parameters included in the models are

those that promote ease of operation--reach, physical clearance,

removal of encumbrances, and the effective design of visual dis-

plays. There are, as well, extensively developed principles of man-

ual control that reflect the complex nature of human motor perfor-

mance. Application of these principles to the altered force-motion

environment of spaceflight requires research, but could have an

important salutary influence on the design of space habitats.

A prominent feature of space environments is the presence

of computers and other automatic devices. As computer tech-

nology develops, we can anticipate that automatic controls will

increasingly dominate both the physical and behavioral features

of space environments. Research is needed to determine the op-

timal integration of the human operator into a highly automated
environment that controls the entire range of life supports, the

organization of work tasks, and general performance functions.

Optimization will require that careful attention be paid not only
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to task efficiency, but also to the overall impact of automation on

effectiveness as well as the motivational and emotional stability of

the crew. These latter concerns are part of the more general issue

of the influence of individual and group autonomy on performance

and psychological adjustment, an issue of special concern in the

planning of long-duration space missions.

The possibility of long-term occupancy of space by humans

will depend on the effective design of space habitats. As a starting

point, it will be necessary to determine in a scientifically sound
manner the effects of environmental factors on human behavior in

space.

Scientific Goal

To analyze the environmental factors, including the architec-

tural design of the spacecraft, that affect behavioral adjustment as

well as both individual and group performance effectiveness.

Scientific Objectives

1. To measure the effect of an artificial vertical, supplied by

visual and contact cues, on spatial disorientation, on the incidence

of motion sickness, on human performance, and on behavioral ad-

justment during spaceflight. Are the effects prominent only during

the initial phases of spaceflight or do they last throughout missions

of long duration?

2. To determine the influence of various combinations of ex-

ternal stimuli--for example, lights, sounds, odors, and ambient

temperature--on the health, welfare, and productivity of humans in

space. The effects should be studied as a function of time from the
start of the mission.

3. To measure the impact of systematically varied degrees of

individual privacy on human performance and psychological ad-

justment in space.

4. To understand how variations of spacecraft architecture

during space missions influence human behavior. How do the

effects differ when the changes are under the control of the flight

crew as compared to when they are programmed by others?

5. To examine the influence of alternative designs of worksta-

tions and living quarters on human behavior in space.
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6. To measure the effects of various degrees of automation
and its integration with the human operator on human behavior in

space.

INDIVIDUAL FACTORS

The success of a space mission depends on the adaptation of
individual crewmembers. To assure such adaptation, research is

required in several areas. These include screening and selection
procedures; the effects of the space environment on sensorimo-
tor and more complex functions; the influence of daily schedules

of work, relaxation, and sleep on performance and adaptation;
the stressful nature of spaceflight, its measurement, and effective

ways to ameliorate it; and the impact of various factors on the
motivational and emotional stability of individual crewmembers.

Screening and Selection

There has been much research on the screening and selection
of individuals for situations that resemble spaceflight in requir-

ing both high technical competence and the ability to work well
in small, highly interactive groups. For the most part, selection
procedures have emphasized the identification and elimination of
disruptive individuals combined with the selection of people pos-

sessing the capability for high performance. The twin goals of
achievement and interpersonal harmony axe especially important
in the isolated and confined microsociety of spaceflight, where
there are great demands for productivity but where serious in-

terpersonal conflict can have disastrous consequences. Recent re-
search has identified two areas of personality that influence indi-

vidual and group performance. The first relates to the motivation
to achieve and includes at least three components: a desire for

the mastery of new and challenging tasks, a need to work hard

and effectively, and interpersonal competitiveness. The second in-
volves social skills and interpersonal attributes, including concern

for others, empathy, and emotional reactivity. Individuals high on
the interpersonal dimension have a greater potential for working
and adjusting in a group setting. The influence of the achievement

motives is more complex. For example, in air transport crews,

the mastery needs of individuals were positively related to crew

performance, whereas the motivational aspects of work were not
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a predictor of group success, and competitiveness was negatively

related. Much research needs to be done to identify other factors

that may be important in group performance and to determine the

validity of such criteria in other situations, including long-duration

spaceflight. The need to identify individual behavioral factors that

enhance effectiveness in responding to crises and to stressful situ-

ations is especially important. It is also essential to continue the

identification of personality factors that may be associated with

physical symptoms--for example, sleep disturbances, headaches,
and gastrointestinal disturbances.

Cognitive and Sensorlrnotor Functions

Research on the determinants of group and individual decision

making is a central concern of contemporary psychology. Among

the factors known to influence decision making are psychological

stress, subtle and overt group and organizational pressures, fa-

tigue, and intergroup tensions. Concern about decision making

extends beyond the crew to include ground-based managers and

collaborators, as well as the processes involved in reaching joint de-

cisions between ground crew and space crew, and between higher

and lower levels of the organization. Also of relevance is the inves-

tigation of how complex and conflicting information from diverse

sources is processed, organized, and used. Both basic, labora-

tory investigation and systematic observational studies are needed

to provide guidance for operational procedures and organization.

Full mission simulations, both of spaceflight and in aviation, can
provide a valuable source of data.

There is a so-called time compression, a distortion in the sub-

ject's ability to estimate the passage of time. The etiology is un-

known but may involve excessive workload, information overload,

and changes in cognitive processes. Effective performance requires

the processes involved in learning and memory, perception, the

development of new skills, problem solving, and verbal behavior.

The times to complete a set of motor tasks practiced preflight

were measured in Skylab missions. Crewmembers completed the

tasks within normal times, except during the first in-flight perfor-
mance. The initial decrement in performance was attributed to

the stressful conditions association with last-minute flight prepa-

rations, change to a microgravity environment, greater care and

caution in in-flight performance, and some degree of work overload.
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It is important to measure the performance of unpracticed tasks,

including those requiring complicated perceptual-motor abilities,

as well as general cognitive abilities at various times after the start
of a mission.

The effects of microgravity on sensory systems involved in

spatial orientation were discussed in Chapter 4, Sensorimotor In-

tegration, as was the necessity for the restructuring of motor

programs. Suggestions for the study of these effects can also be
found in that chapter. Spacecraft are noisy, there are unpleasant

odors, and the level of illumination is somewhat higher than ex-

perienced on the ground. Possible changes in hearing thresholds
and in the sensitivity of the gustatory (taste) and olfactory (smell)

systems, especially early in flight, should be measured. There is a

defect in visual accommodation, somewhat akin to submariners'

myopia. The Soviets report a reduction in visual discriminative

functions during the early phases of missions, but these recover

as the mission progresses. There should be alterations in proprio-

ceptive sensory inputs from joints and muscles, and this might be

expected to alter the ability, in the absence of vision, to determine

the position of a limb with respect to the torso, to detect the

movement of a limb or finger, or to point a finger at another part

of the body or at the memorized location of an external object.

Daily Schedules

Work, recreation, and sleep have to be scheduled so as to

maximize the performance and adaptation of flight crews. Overly

long or crowded work schedules can be counterproductive. Re-

search analysis will be required to determine the optimal variety

and temporal distribution of relaxation and recreational opportu-

nities to minimize the potentially stressful and boring effects of

prolonged spaceflight. The extent to which the scheduling of sleep

and waking activities should be synchronized for all crewmembers

and follow the patterns established on earth in the immediate

preflight period requires further investigation. Most importantly,

research is needed to devise optimal schedules that are sufficiently

flexible to accommodate unanticipated complications that occur

during missions.
The obviously stressful aspects of spaceflight associated with

crowded work schedules, lack of privacy, novel sensory experi-

ence, friction between crewmembers, and concerns about family
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and other earthly matters need to be investigated from the per-

spective of their effects on flight personnel. In the first instance,
selection and training procedures will require continuous research-
based refinements to improve identification and definition of those

individual characteristics and environmental conditions that pro-

vide the necessary resistance and/or tolerance to such stressful
conditions. It is also important to recognize the early warning
signs of stressful interactions. Ground-based observations suggest
that such detection can be improved by research focusing upon
the monitoring of work performances and autonomic responses, of
the intention tremor accompanying voluntary movements, and of
changes in voice quality. Most importantly, systematic studies are

required to determine the effectiveness and optimal application of

such environmental interventions as workload changes and social
support from flight and ground crews in counteracting the effects

of stressful spaceflight conditions. In addition, self-management
procedures involving relaxation methodologies and biofeedback
control of muscle and autonomic responses should be studied to
determine their potential utility under such circumstances. It will

also be necessary to continue systematic research on the role of
pharmacological agents in the management of stress.

Extrinsic Motivational Factors

Until the recent Challenger disaster, there was a tendency to
view recent manned spaceflight as becoming routine and lacking
the glamour, pioneering interest, and stimulation of earlier mis-

sions. One goal of the U.S. space program is to make manned

spaceflight as routine as possible, at least in terms of crew safety
and flight frequency. Under such conditions, it may be difficult
to maintain individual motivational support essential to ensure

performance effectiveness, especially during long-duration flights.
There is thus a need for research directed toward the identification

and definition of such motivational factors as they may involve

space system organization, command and control, crew autonomy,
role sharing, personal support, career development, growth poten-
tial, and external incentives. While much of the required research

must, of necessity, involve actual spaceflight, there is also a need
for basic research involving small work groups in both natural and
experimental laboratory settings.
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Scientific Goal

To understand the individual factors that determine personal

well-being and accomplishment during space missions.

Scientific Objectives

1. To develop effective screening, selection, and training proce-

dures for flight crews that emphasize individual and group achieve-
ment, group compatibility, and the ability to cope with stressful
conditions and to respond to crisis situations.

2. To measure the influence of the space environment on cogni-

tive functions, including information processing and decision mak-

ing, and on sensorimotor capacity.
3. To determine the schedules of work, recreation, and sleep

that optimize human performance and adaptation in space.
4. To evaluate the factors that contribute to behaviorally stress-

ful interactions involving individual crewmembers and to develop
procedures that facilitate early detection and effective intervention

in such stressful situations.
5. To determine the extrinsic motivational factors that con-

tribute to the development and maintenance of human performance

during manned missions of various durations. There is a need for
basic research on human motivational issues. This research can be
conducted both in natural and in controlled laboratory settings.

GROUP AND ORGANIZATIONAL FACTORS

There is an extensive literature on the effects that the struc-

ture of small groups have on overall performance, group solidarity,
and individual well-being. Knowledge in this area is deficient in
several regards. Findings reported for groups in one setting are

not always applicable in other settings. Empirical results are typi-
cally of such limited scope that they are of little practical utility in

guiding the selection and management of operational groups. The

traditional approach to the study of small group dynamics has been
to isolate individual factors that influence the interactions between

group members and, thus, that may affect group productivity and
individual adjustment. A more appropriate model may involve the
recognition that groups are small social systems that are shaped
by multiple determinants, no one of which, when considered in
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isolation, can account for variations in group and individual func-

tion. Viewed within the context of a multifactorial social systems

model, there are four major topics to be considered in the de-

velopment and maintenance of semiautonomous groups that can

function effectively during extended space missions. These are

(1) the division of authority between the space crew and the

ground-based mission control; (2) the initial composition of the

space crew and the development over time of group interactions;

(3) the function of leaders in determining group performance; and

(4) the effective delivery of support from the ground crews to flight
crews.

Division of Authority

Much remains to be learned about the partitioning of au-

thority and autonomy among ground managers at mission con-

trol centers, designated leaders of the space crew (mission com-
manders), and individual crewmembers. Existing research shows

that the delineation of a clear set of objectives that challenges a

group provides a powerful incentive for individuals to help meet

overall organizational goals. The precise means of setting goals
and controlling overall mission direction have to be ascertained for

groups, such as space crews, that are physically remote from the

central base of operations for extended periods of time. Research

is also needed to determine the appropriate exercise of authority

in solving interpersonal disputes that threaten the integrity of the
group and the success of the mission.

Group Selection and Group Development

Research on issues of group composition has been relatively
limited in scope. Recent studies, cited above, show that individu-

als that combine the characteristics of achievement motivation and

social sensitivity work well in groups. There is less information on

how to choose the members of a group so that they complement

one another in their technical skills and personal attributes or how

group dynamics develop over time. There is some evidence that

events that occur when groups are first put together or at the mid-

point of a group's life can have a profound influence on subsequent

performance and group interactions. It is important to assign re-
sponsibilities in a clear manner in order to avoid conflicts between
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spacecrews and ground personnel and between individual mem-

bers of the crew. At the same time, the crew has to be given the

flexibility to redefine tasks as the need arises. Allowing individuals

to share tasks adds to group cohesiveness and the sense of indi-

vidual accomplishment. Although these considerations may seem

obvious, research is needed to determine methods of selection and

training that will facilitate the development of group cohesiveness

and optimize group performance.

Leadership

Competent leadership is essential to group performance.

There is van extensive literature on the attributes of leaders, but

much of the research lacks validity. More progress might be made

by studying the functions that leaders perform in helping groups

to meet their objectives, as well as continuing research on the

personal attributes and situational influences that help to deter-

mine leadership. Some of the functions can be identified: setting

directions and establishing authority within the group, creating

a well-composed group with clearly defined tasks, and providing

organizational and behavioral support for a group as it carries out

its work. Research on this functional approach to leadership is
essential.

Research is also needed to determine how leadership func-

tions are best allocated. Which functions are best performed by

ground-based managers who are charged with the responsibility

for group formation and mission organization? By other ground-

based managers who work with the spacecrews during the actual

missions? By designated leaders within the crew? The answers

to these questions are required both for the characterization of

leadership roles and for the selection and training of individuals to
fill these roles.

Group Decision Making

The processes involved in reaching group decisions are a nat-

ural complement of those occurring in individuals.There ismuch

research that, nevertheless, demonstrates that decisions reached

by a group are not directlypredictable from a knowledge about the

individual members ofthe group. This isan important principlein

understanding group behavior in allsettings.In space operations,
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the situation is further complicated by the fact that decisions must

frequently be reached by the interactions of several small groups

that can be geographically separated and can have diverse needs

and immediate goals.

Organizational Support

Effective functioning of space crews depends on the support

they receive from the ground-based organization. Such support

can be divided into three broad areas: (1) the reward system of the

organization that determines the consequences of performance for

the crew and its members, (2) the information system that provides
the crew with essential data and advice needed to fulfill mission

objectives, and (3) the material resources system that ensures the

adequacy of equipment and supplies. Each of these areas can have

a major impact on the success of a mission. Research is needed on

the effective design of delivery systems for making these supports

available to crews. Essential features of the design are to keep the

support facilities flexible enough to meet the ever-changing needs

of the crew and the mission and to integrate the various facets of

support to maximize crew performance and well-being, as well as

ensuring the attainment of overall organizational goals.

Scientific Goal

To characterize the group and organizational factors that in-

fluence the performance and behavioral stability of individuals and

the entire crew in the space environment.

Scientific Objectives

1. To determine the allocation of authority and autonomy

between ground-based mission managers, leaders of space crews,

and individual crewmembers. Research is needed not only to de-

termine the general principles that govern such allocation, but

also to suggest how the allocation should be modified to take into

consideration group composition and the goals and duration of

particular missions.

2. To understand the critical elements and processes involved

in complex decision making by groups operating independently or

in combination. Knowledge in this area is needed to ensure that
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available information is used effectively and that the various alter-

native regarding program and mission organization are properly

weighed.
3. To study the principles governing the optimal composition

of groups, task design, and task assignment. Selection and training
methods, as well as in-flight procedures have to be developed to

implement these goals.
4. 7"0 identify the functions performed by leaders in assur-

ing successful group performance and the optimal assignment of
authority and responsibility between space-based and ground-based
leaders.

5. 7"0 determine the principles underlying the design of delivery

systems that assure the effective support of the crew by the ground-
based organization. Here the study of aircraft crews and their
organizational support would be particularly informative.

GROUND-BASED MODELS

The overall goal, the understanding of the social system in-

cluding its critical components and their interactions, will require
the integration of the results of research on environmental, indi-
vidual, group, and organizational factors into a coherent body of

knowledge that can be used in the design and operation of flight
programs and individual missions. Spaceflight research should be
supplemented by comparable studies of various earth-based mod-
els, including small groups working in isolation and confinement.
In addition, there is much research to be done on more general
issues related to the functioning of small groups operating in a

larger organizational context. Findings from these other situa-
tions can enlarge the data base that will lead to an understanding
of how human behavior in the space environment is determined.

It should also be possible to identify those behavioral features that

are unique to spaceflight, those that occur in most confined, iso-
lated microsocieties, and those that occur in all groups, whether
these are or are not confined and isolated. Such a comparative ap-

proach provides a powerful means of developing a general theory

of human group behavior.
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Scientific Goal

To supplement spaceflight research with studies of the effects
of environmental, individual, group, and organizational factors on
the behavior of humans in earth-based mierosocieties, including
simulations and other controlled research settings, as well as such

fully operational situations as undersea habitats, submarines, and
polar stations.

Many of the behavioral topics of particular concern in space-
flight can be profitably explored in ground-based situations in-

volving groups that are confined and isolated, as well as groups
functioning in more typical social contexts.

Specific research areas with high priority include:

1. Environmental factors: the impact of various degrees of

individual privacy on human performance and behavioral adjust-
ment; the influence of variations of architecture during extended

occupancy; alternative designs of workstations and living quar-
ters; and the effects of automation and their integration with the
human operator.

2. Individual factors: screening and selection procedures; the
effects of sensory deprivation on sensorimotor capacity and cogni-
tive functions; schedules of work, recreation, and sleep; stressful
conditions and their amelioration; and the development and main-

tenance of human motivation support and enhancement.

3. Group and organizational factors: allocation of authority
and autonomy between organizational leaders, group leaders, and
individual crewmembers; the optimal composition of groups, task
design, and task assignment; the function of leaders; and the
design of organizational support for the group.

Summary

The study of human behavior in space is best accomplished by
an integrated program involving study of a wide variety of ground-
based settings. These include simulations, other controlled envi-
ronments, as well as fully operational situations. Ground-based

research will be especially important in the immediate future, since
there will be relatively few manned missions. At the same time, it

has to be emphasized that there is a need for research in the space
environment. Such an integrated research program is needed to
ensure the effective design and conduct of individual missions and
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of entire flightprograms. While the research is dictated by the

needs of the U.S. space program, itcan make important contribu-

tions to our understanding of the behavior of individuals,groups,

and large organizations.
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Science Program and Policy Issues

In this chapter, the committee discusses what is required to
achieve the scientific goals described in this report. Proposals

are made concerning the use of scientific panels to oversee the
implementation of the strategy, life sciences' need for continuous

access to spaceflight opportunities, the advantages of a focused
mission strategy, certain design features that will enhance space-

flight experimentation, and general facilities. Other topics that

are considered include mission planning, crew selection and train-
ing, and interagency and international cooperation. Many of our
recommendations represent departures from the current operat-
ing procedures used by NASA in implementing its Space Biology
and Medicine Program. Wherever appropriate, the committee re-

views current practices and indicates its reasons for wanting them
changed.

SCIENCE PROGRAM ISSUES

Overall Research Plans

In most of the subdisciplinesof space biologyand medicine,

therearea smallnumber ofessentialquestionsthatrequireanswers

in the next 10 to 20 years.To answer thesequestionsrequiresa

comprehensive researchstrategyineach areathatintegratesspace

and ground-based research.In clinicallyrelevantareas,therehas
to be a furthercoordinationof clinicaland basic research.The

presentstrategycan be viewed as a firststepinthisprocess.The

next stepwillinvolvethe implementationofthe strategyforeach

184
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area. Biology, like most other sciences, is dynamic. Hence, the
strategies will have to change in the light of new results and of
new technical developments. There is a continuing need to ensure
that the strategies for the various areas are coordinated into a
coherent plan for the entire life sciences. Planning is best done by

scientific panels, working in close cooperation with the NASA Life
Sciences Office.

Specialty Panels

There is a continuing need to refine, update, and implement
the research strategy in each subdiscipline or specialty area. It is
recommended that a standing panel of 5 to 10 qualified scientists

in each specialty area be appointed to help NASA's Life Sciences
Office in this task. The areas represented on the specialty panels

should include: developmental biology, plant gravitropism, senso-
rimotor integration, bone and mineral metabolism, cardiovascular

and pulmonary gunction, muscle biology, endocrinology, nutrition
and hematology, and human behavior.

The specialty panels would have several functions. They would
serve as peer-review panels, evaluating research proposals in terms
of their scientific merit and their impact on the overall strategy.

Each panel would review all of the activities sponsored by the Life
Sciences Office in its respective specialty area and provide advice
as to how the various research programs--basic, clinical, ground-

based, and space research--can best be integrated to meet research
objectives. The panels would also seek to identify promising, but

neglected, research topics. Work on these topics could then be
encouraged by any of several approaches.

Currently, NASA uses many advisory panels of extramural
scientists. Some are specialty groups that are asked to advise

on research strategies. These are usually acl hoc panels and, so,
are unable to provide the continuity required to refine and im-

plement the strategies they propose. There are several standing
committees, but these do not fill the roles envisioned here. Some

of them lack the concentration of scientists to oversee progress
and define strategies in particular areas. Others are charged with
the evaluation of research proposals, but lack the responsibility
to formulate strategy. Still others combine planning and evalua-

tion, but are concerned with only a limited sphere of activities,
rather than with all of the relevant activities in the life sciences
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program related to the area of specialization. In contrast, each
of the proposed specialty panels would provide continuing help in
both the planning and implementation of a research strategy and

would have as its purview the entire research effort in a particular
area.

To oversee the implementation and coordination of the pro-
grams in the various disciplines is the responsibility of the Director

of Life Sciences, who should seek advice from various more gener-
ally constituted panels, including NASA's Life Sciences Advisory
Committee (LSAC), and the Space Science Board's Committee on
Space Biology and Medicine. A major function of these multidis-
ciplinary panels should be to frame the overall goals of the life

sciences program and to work toward ensuring a proper balance in
terms of research funds and flight opportunities among the several

specialty areas.

Dedicated Life Sciences Laboratory

One of the major reasons for the slow progress in space biol-
ogy and medicine over the last decade has been the lack of flight
opportunities, especially in the U.S. space program. There were
no initiatives in human biology in the time between the Skylab

missions and the start of the Space Shuttle flights. In the same
period, there were only a handful of biological experiments. To
date, large numbers of life sciences payloads have been carried on
only two Shuttle missions, Spacelabs 1 and 8, both of which were

designed as verification tests. The lack of flight opportunities is
all the more unfortunate because biology is largely an empirical

science. Replication is needed to verify results. Progress usually

comes only when experiments can be modified in the light of past
results. The research program outlined in this strategy requires
the collection of large amounts of data and the gradual improve-

ment of research protocols and techniques. If significant progress
is to be made by the end of the century, then the space biology and

medicine scientists will need continuous access to spaceflight op-
portunities. Most of the experiments require manned intervention.
Based on the dual requirements of continuous access and manned
intervention, the committee recommends that there be a dedicated

Life Sciences Laboratory (LSL) on the Space Station. Until the
Space Station becomes a reality, the ground-based research pro-

gram in each specialty area must be vigorously pursued with various
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model systems of the adaptation to microgravity conditions. Once
operations are resumed in the Space Shuttle, it should be used at
every available opportunity to sharpen hypotheses and techniques.

Scientists must work closely with designers and engineers at every
stage in the development of the LSL and of the equipment that is
to be used within it. The laboratory must have the flexibility to
be rapidly converted to accommodate the needs of different types
and combinations of experiments. The existence of a dedicated

LSL, serving many different functions, requires that provision be

made to insert, remove, or reconfigure equipment, racks, and di-
viding walls. The need for flexibility in the architecture of the
LSL can be illustrated by example. Many types of research can
best be accommodated in a facility consisting of numerous, dis-

crete units of space. This arrangement allows the simultaneous
conduct of experiments requiring different conditions of ambient
temperature and illumination. Other research, the use of a lin-

ear sled in vestibular studies being one example, requires an open
configuration.

Focused Missions

Most flight missions involving the life sciences have carried
experiments from several research areas. There is, however, a
better way to meet our research goals. It is recommended that the

space biology and medicine research time on the Space Station be
divided into 9-to 6-month blocks, with each block largely devoted to
a single research area. Missions in each subdiscipline should occur
at least three times each decade. Such focused missions offer several

advantages.

Payload specialists can be intensively trained in a particular
discipline. It must be emphasized that many of the experiments in

space biology and medicine will critically depend on the training
and understanding of the individuals conducting them. One rea-

son involves the manual skills required. Another, more important
reason is that it is often important to innovate, either to modify

experiments and, so, take full advantage of recently acquired data,
or else to get around malfunctions of the equipment or the prepara-
tion. Innovation is best carried out by highly trained individuals,
who are familiar with the techniques and concepts in a discipline

and who can converse fluently with the ground-based team. The
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committee recommends that two or more payload specialists on each
flight be practicing laboratory scientists in the particular discipline.

Mission planning and implementation are simplified. The
same equipment and, in some instances, the same biological spec-

imens can be used in several experiments. The scientific working
group participating in the mission have a common orientation and,
presumably, a common set of goals. This should facilitate task in-

tegration. The mutual understanding within the working group,
as well as longer mission durations should enhance flexibility in
the scheduling of individual experiments.

Flexibility and innovation are both important in successful

biological experimentation. There is a greater chance that the
results obtained will have a major impact on the particular dis-

cipline involved. This is especially so if all the experiments flown
during the 3- to 6-month mission are focused on the few essential
questions in each research area that need to be answered in the

next 10 to 20 years. The success of such a mission may depend
on recruiting a team of the very best scientists in the particular
area. Three things could help to attract more of the best scientists
to participate. One is the promise of important results. Another

is the opportunity of joining in a team effort with other first-rate
scientists. The third is that there can be a sharing of the admin-
istrative and organizational burdens entailed in mission planning
and implementation.

The style of research in space biology and medicine has been
to do experiments of small scope. Replication and modification
of the experiments would have been desirable, but could seldom
be done. The proposed mode of research resembles that which is

carried out in the other space sciences. Each mission is devoted
to a single, broadly conceived goal. Sufficient flight time is given
to collect reliable results, to replicate experiments when necessary,

and to change protocols as data are gathered and interpreted. At
the same time, sufficient time is given between experiments to

analyze data in detail, to come up with new hypotheses, to test
these on the ground, and to plan for the next major mission. There
is a promise of important results, a prospect that is enhanced by
having the best scientists participate. If such a strategy is adopted,
space biology and medicine can become a mature science within
one to two decades.

The only research area that might not profit from such an

approach is human behavior, where much of the research requires
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thatthe crew go about itsnormal activitiesand the major research

strategiesinvolvetheuse ofembedded tasksand inobtrusiveobser-

vation.Because ofitsnature,researchon human behaviorshould

be included as part of every mission. Those aspectsof human

behavior involvingpsychophysicalmeasurements form a natural
extensionofsensorimotorresearch.

Flexibility in Spaceflight Experiments

Space biology and medical research, as conducted on earth,

is usually done by a single principle investigator working with his
or her graduate students, postdoctoral fellows, and technicians in
a laboratory designed for the specific research program. As sug-

gested above, the complexity and cost of space experiments may
require team research, whereby groups of scientists collaborate
in large experiments, with individuals contributing their special
skills, but sharing observations and facilities. The engineering and
scheduling requirements of spaceflight have usually meant that

experimental protocols have to be approved years in advance and
strictly adhered to during the mission. On the other hand, sci-
entific productivity will be greatly enhanced if missions can be

planned with sufficient flexibility so that the design of individual
experiments can be modified in the light of the latest research

findings, including those obtained on the flight. The challenge will
be to mount large-scale experiments and to meet engineering and
scheduling requirements, yet retain the flexibility of experimental
designand executioncrucialto biologicalresearch.

There are severalways inwhich experimentalflexibilitycan

be enhanced. The firstrequirementisthe rapidfeedbackofresults

duringthe mission.This,in turn,impliesan increaseinon-board

analyticalcapabilitiesand the abilityto communicate the results

in an understandablemanner to both the crew doing the experi-

ment and theirground-based colleagues.Second, itisimportant

that the two groups be ableto exchange data, information,and

ideas.Third,therehas to be flexibilityinthe availabilityofequip-

ment and experimentalorganisms,as wellas in the schedulingof

experiments.

Rapid Feedback ofResults

The LSL has to be provided with a workstationdesignedfor

rapidanalysisofbiologicalsamples. Such an increaseinon-board
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analytic capabilities would enhance research productivity greatly.
Still, some biological samples are best analyzed on the ground. In
many cases, this requires in-flight preservation of samples, either
by fixation or freezing, until they can be returned by an STS

resupply vehicle. In other instances, for example when analysis is
needed to guide ongoing experiments, rapid sample return could

be accomplished by small passive reentry vehicles.

Adequate Data Links to Earth

Because many life sciences deal with dynamic, rapid changes
and highly interactive systems, there is a need to modify proce-
dures not only to take advantage of recently acquired data, but

also to accommodate unanticipated changes in experimental con-
ditions. It is for this reason that chemical, morphological, and

physiological data must be made available to the crew and to the
ground-based research team in close to real time. Communication
between the two groups is especially important when protocols
have to be modified. Since the information that has to be ex-

changed has a large qualitative component, voice communication
can be particularly effective. Visual data links are needed for

the transferring of morphological and behavioral data. The use
of a "blackboard", possibly implemented by computer pen tracing

screens, to communicate between spacecraft and the ground should
be explored. A sketch of a graph or conceptual model in real time
on such a screen, when coupled with a voice link, might prove a

powerful mode of communication. A video manual of various pro-
cedures should be stored on-board so that they can be reviewed by
payload specialists before or during the experiment. There may
be a need to enlarge the manual by transmitting information from
earth.

Experimental Flexibility

In many instances, new pieces of equipment or additional ex-
perimental subjects may be required. The LSL should be provided

with a stockroom of flight-qualified hardware, consisting of com-
monly used material, tools, and equipment. A stockroom will
allow not only repair and replacement of defective parts, but the
fabrication of new parts as well. There needs to be an adequate

supply of experimental animals and plants to allow for the de-
mands of predeveloped protocols and of new protocols that may
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bedevelopedduringthemission.Thepresentstyleof doing space
research requires that specific configurations of equipment and

specific protocols be approved for spaceflight. The new style re-

quires the approval of a whole repertoire of configurations that
falls within an agreed upon design envelope. Similarly, in-flight
time schedules have to be kept sufficiently flexible to allow for

unanticipated experimental difficulties and/or for the replication
of unexpected but important results.

One attribute of a good scientist is the ability to anticipate the
unanticipated. The scientific team must foresee the repertoire of

parts and protocols that will maximize the scientific productivity
of the mission, and they must work closely with engineers and

managers to see that the parts and protocols are available when
needed. As is true in ground-based research, the repertoires should

grow with time and experience.
Perhaps the most important ingredient in a flexible style of

research is the presence of payload specialists who are practic-

ing laboratory scientists and, hence, are fully conversant in the
techniques and concepts of the particular area being studied.

General Facilities

This section deals with facilities that would be of general use in

space biology and medicine research. Facilities specifically needed
by the individual disciplines are described in the chapters con-
cerning those disciplines. Remarks here are confined to research
in space.

Variable Force Centrifuge

Such a device is an essential component of any space biology

and medicine program. It has three, equally important functions.

(1) The first and most obvious of these is that it provides an
on-board 1-g control that can separate the influences of weight-
lessness from the other effects of spaceflight, including the effects

of launch, reentry, and radiation. At present, such controls require
the conduct of full-blown ground simulations. The use of simulated

controls, while valuable, is seldom a compelling exercise because
of the difficulty of ensuring that the simulations reproduce all of
the salient conditions of spaceflight.
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(2) A second use of the VFC is to provide transient stimuli

to test the responses of biological systems to gravitational forces
at various stages of adaptation to weightlessness. Conversely, sub-

jects can be held at 1-g and briefly exposed to microgravity. The
latter allows for detailed study of the initial stages of adaptation.
More generally, alternations in gravitational force can be expected

to have both immediate and long-term adaptational effects on
biological systems. A VFC enormously increases experimental op-
portunities by allowing the study of the two kinds of effects, either
separately or in combination. To cite a simple use of the VFC
in this regard, animals can be held in a nonadapted, 1-g state
until such time as adaptation experiments are ready to be done.
Individual experimental protocols can be repeated several times

during a mission of 90 days duration. This will allow for repli-
cation of results. As important, the protocols can be changed to
reflect the results already obtained on a mission. The increase in

experimental flexibility and scientific payoff could be enormous.
(3) The third use of VFC is to provide fractional g forces.

We already know that the absence of gravity can have profound
effects on biological systems. Important insights into underlying

mechanisms can be obtained by determining the shape of the
force-response function, including the presence of threshold effects.
Another use of fractional g forces is to remove or reduce some of

the complications of doing experiments in microgravity. A specific
example can be cited. An area of particular interest relates to
the role of gravity in neonatal development. The success of such

experiments will depend on the ability of newborn animals to

suckle or, otherwise, be nourished. The presence of fractional g
forces may simplify the nutrition problems and, at the same time,
allow the animals to be reared under reduced forces that still

challenge normal development.

The VFC should be capable of supporting a wide variety

of species and must run for several months without stopping.
Specimens will have to be placed on the VFC or removed from

it while it is spinning. This could be accomplished by building
a second, man-rated centrifuge that can be brought up to speed
with the crewmember positioned immediately opposite the point
on the VFC requiring access. The second centrifuge could also

function as a Spaceflight Vestibular Research Facility (SVRF)
to test vestibular function in man and animals and as a means
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to test otherphysiologicalresponsesof humansubjectsto linear
forces.TheVFC andits mateshouldbeof themaximumpossible
dimensionto maximizecapacityandto minimizeforcegradients.

Wehavebeenapprisedof theengineeringproblemsinvolvedin
the inclusionof a largecentrifugein afreelyfloatingSpaceStation.
The committee still recommends that a Variable Force Centrifuge

(VFC) of the largest possible dimensions be designed, built, and
included in the initial operating configuration of the Life Sciences

Laboratory. It does so because a VFC is an essential instrument
for the future of space biology and medicine.

Specimen Facilities

Humans are the subjects of choice in many areas of space re-

search. A system for the collection and preservation of specimens,
including blood, urine, and stool samples, is essential. Animal
research will be required in several areas, including sensorimo-

tor adaptation, muscle atrophy, bone and mineral metabolism,
and developmental biology. A Research Animals Holding Facility

(RAHF) should be included in the initial operating configuration of
the Life Sciences Laboratory. The RAHF should be modular and
flexible and should accommodate both large and small animals.

Advances in biology have often been based on the use of compar-
ative methods, and space biology would benefit similarly from the
availability of a wide range of animals. The individual units of
the RAHF should be easily mated to the VFC and to other equip-

ment. Plant research requires a chamber in which specimens can
be grown in space from seed-to-seed under conditions of controlled
temperature, light, humidity, and nutrition.

On-board Handling and Analysis of Cell and Tissue Specimens

There need to be on-board facilities for analytical biochem-

istry, automated radioimmunoassays, and radioactive tracer stud-
ies. In-flight histological examination requires facilities for the
fixation and sectioning of specimens and a light microscope with

direct and phase contrast optics. The microscope should have
an attached video camera that interfaces with a computer-based

image processor. A sterile tissue culture facility should include
provisions for media preparation, a preparative centrifuge, incu-
bators, 1-g rotating discs for control cultures, a glove box, and
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freezer and cooler units. Freezers are needed for sample and car-
cass storage. As already mentioned, rapid sample return to earth
is desirable.

Computational Facilities

Many experiments will run best with dedicated microproces-
sors used for process control, data storage, or both. There should

also be a common facility that can be used for general purpose
computations, as well as data management, analysis, and display.
The need for rapid access to data by the crew and ground-based

scientists and for rapid communication between the two groups
has already been mentioned.

SCIENCE POLICY ISSUES

Mission Planning

The selection process for a spaceflight opportunity usually be-

gins with an Announcement of Opportunity (AO). In the past,
the AOs in the life sciences have stated NASA's intention to fly
experiments on a certain mission and have indicated the fields of

biology that were of particular interest. The AOs in the future
should be more specific. To the extent that missions will be fo-

cused, the AOs should be confined to the particular research area

and should explicitly state the major research questions that the
mission is intended to answer. The specialty panels should be con-

sulted in the framing of the AOs and they should be the primary
peer-review panel in the selection of proposals.

A serious problem in previous missions has been an original
commitment to fly too many experiments followed by a long pe-
riod during which the time and resources for each experiment were
reduced as launch approached. The result was a watered down ver-

sion of every experiment and this severely compromised scientific
yield. A preferable plan would be to start with a more realistic

assessment of the number of experiments that can be accommo-

dated. At the present time, NASA usually uses an investigators'
working group (IWG) in mediating these decisions. The IWG does
not provide an effective forum for discussions of this type. The
reasons are that it is large, its composition is heterogeneous, and
its meetings are infrequent. There is also a conflict of interests

as principal investigators seek to protect their own experiments.
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Some,but not all, of theseproblemswill bealleviatedwith the
adventoffocusedmissionsandmorecohesiveIWGs.Thespecialty
panelscouldplay an importantadvisoryrolein makingthesede-
cisions.Thedatashouldbeanalyzedquickly,the findingsshould
bepublishedin arefereedjournal, and,if at all possible,thedata
shouldbe placedin archivesthat are accessibleto the general
scientificcommunity.

Crew Selection and Training

Space biology and medicine research in space, perhaps more
than any other discipline, requires that the experiments be done
by skilled scientists. The qualifications of such scientists should

generally include a Ph.D. or equivalent, extensive laboratory ex-
perience in the relevant discipline or disciplines, and evidence of
independent research abilities. It would be well to have two such
scientists on each mission. Training of scientists who are not mem-
bers of the astronaut corps must be sufficient to ensure maximum
scientific return without being of such length as to discourage
the best individuals from applying. A training period of 1 to 2

years should suffice. During this time, candidates will have to
keep a close collaboration with the science team involved in the
mission. This will facilitate mission implementation and will also
maintain the crewmembers' ties to the scientific community. The

crewmembers should be encouraged to participate in all phases of

the project, and their contributions should be recognized in terms

of authorship on published research. Participation as a flight sci-
entist should be so structured that it will enhance, rather than

jeopardize the individual's career in research, whether this be at a
NASA Research Center, private industy, or a university.

Interagency Cooperation

While the responsibility for a coordinated program in space

biology and medicine clearly rests with NASA, some aspects of
the research will also be of interest to other agencies, including
NIH and NSF. It would be wise for NASA to maintain a liai-

son with these agencies. One mechanism might be to appoint

representatives from other agencies as ex officio members of the

specialty-oriented panels.
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International Cooperation

Other countries,most notablyCanada and the countriesthat

are members of the European Space Agency (ESA), have active

researchprograms in the lifesciences.There are many outstand-

ing scientistsand researchteams in theseother countries.They

have made important contibutionsto past space ventures.Their

continuedparticipationshould be encouraged.One mechanism of

collaborationbetween ESA and NASA has worked wellinthe past
and may provide a model for the future.ESA has concentrated

on the development ofboth general-purposeand special-purpose

facilitiesthat can be used by both agencies.Examples are the

Spacelab,which has been essentialto lifesciencesresearchon the

Space Shuttleand the ESA sled,which promises to be a major

facilityforvestibulartesting.ESA currentlyplans to developtwo

general-purposefacilities:Biorack,a workstationforcellbiology;

and Anthrorack, a facilityfor human physiologicalmonitoring.

Both facilitiesshouldbe important assetsto an overallspace biol-
ogy and medicine program.

The SovietUnion has made a largerinvestment inspace bi-

ology and medicine than we have. Much of theirefforthas gone

to guaranteeinga permanent manned presence in space. They

alsohave an activeprogram ofbasicbiologicalresearch.In many

areas,the Sovietsare more accomplished than we are,and their

leadcontinuestogrow duringthe hiatusinour manned spacepro-

gram. Scientificinterchanges,especiallyduring the past decade,

have been sporadic.This has,inpart,reflecteddifferencesinpub-
licationstyleand changes in the politicalrelationsbetween the

two nations.There are indicationsthat the problems have less-

ened. More of the resultsof the Soviet'sexperimentshave been

published in the open literature.There has been increasedcul-

turaland scientificcommunication. The freeand open exchange
ofscientificresultsand ideaswould be ofenormous benefitto both

countriessincewe share a common interestin the understanding

oflife'sprocessesand in the manned explorationof space.


